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Final Report

One area of concentration during the first year of the grant involved a
series of ab initio self-consistent field (SCF) calculations on clusters of
beryllium atoms together with associated cesium and hydrogen atoms. They were
completed by Maria M. Marino, the doctoral student whose stipend and tuition
were covered under the conditions of this grant. An analysis of both the
expetiﬁintal and theoretical aspects of exposing Be metal surfaces to Cs and H

was’ bpgun

SCF calculations were carried out on clusters of 19, 33 and 45 Be atoms.
The clusters were defined as cylindrical plugs from a thin wafer of Be metal;
an arrangement that is consistent with experimental measurements taken by Tompa
and Seidl. Adatoms were made to approach the clusters along the three-fold
symmetry axis from above and below the cylinder faces. This is also consistent
with the experimental procedure of exposing a foil of Be to Cs and H. The
intermu~lear Aigtanceg hetween the Be atoms were halAd firaer at v3lnee

corresponding to the hcp metal lattice constants.

The calculations were carried out to examine the nature of the effects of
cesium and of hydrogen adsorption on the work function of Be metal. While it
is well known that cesium adsorption appreciably lowers the work function of
many metals, details of the mechanism by which it occurs is still not well
understood. In the case of hydrogen, the interaction with a metal such as Be
provides a good, simple model for the process in which we are most interested,
*hat cf negative hydreogen production from surfaces. Theoretical studies cf the




adsorption process can provide detailed information about the interaction that
is not obtainable from experiment. For example, results related to charge
distributions and orbital structure at the interface are calculated.

A good model of the interaction between adsorbate and substrate requires
surface,

the use of clusters large enough to adequately describe
while remaining small enough for the application of acews
methods. In the study recently completed we used relativel :
made use of relativistic pseudopotentials and the high (D3h)
systems to render the calculations tractable. The calculations were carried
out on a Cray X-MP supercomputer at the NSF’s Pittsburgh Supercomputing Center
and at the Ohio Supercomputer Center. Closed- and open-shell SCF calculations
were completed for each cluster system for a range of low-lying electronic

’ Kf;-tetical
) clusters and
atry of the

states and positive ion states.

Activities during the second year of the grant proceeded essentially along
the directions described in the original proposal. A series of ab initio
self-consistent field (SCF) calculations on clusters of beryllium atoms
together with associated cesium, hydrogen, and oxygen atoms was completed. An
_analysis of both the experimental and theoretical aspects of exposing Be metal
'surfaces to Cs and H was published in Surface Science. Prof. Milos Seidl of
the Stevens Physics Department and his graduate student Gary Tompa were
co-authors of the article. 1In addition, studies detailing the results of SCF
calculations con the simultaneous cesiation and hydrogenation, as well as the
simultaneous cesiation and oxygenation, of the Beyc surface were initiated.

The SCF calculations were carried out on clusters of 19, 33 and 45 Be
atoms. The clusters were defined as cylindrical plugs from a thin wafer of Be
mota3l: an arrapaement that is rcnnsistent with evperimental meazenrements taken
by Prof. Seidl’s research group. Adatoms were made to approach the clusters
along the three-fold symmetry axis from above and below the cylinder faces.
This 1is alsc consistent with the experimental procedure of exposing a foil cf
Be to Cs, H and 0. The internuclear distances between the Be atoms were held
fired at values corresponding to the hcp metal lattice constants.

The calculations were carried out to examine the nature of the effects of
~esium, hydrogen and oxygen adsorption on the work function of Be metal. While
it is well known that cesium adsorption appreciably lowers the work function of

[p®]




many metals, details of the mechanism by which it occurs is still not well
understood. In the case of hydrogen, the interaction with a metal such as Be
provides a good, simple model for the process in which we are most interested,
that of negative hydrogen production from surfaces. Theoretical studies of the
adsorption process can provide detailed information about the interaction that
is not obtainable from experiment. For example, results: i il to charge
distributions and orbital structure at the interface are -ci

The adsorption energies of Cs on Bey; and on Be,, were calculated as 21.8
and 15.1 kcal/mol-atom, respectively, whereas the adsorption of H on Be33 and
on Be45 was not predicted to occur at all. Optimum Cs-to-Be-surface and
H-to-Be-surface distances were 3.70 and 0.86 A, with the latter value
corresponding to a local energy minimum. The decreases in the ionization
potentials of Be33Cs2 relative to Be33 and of Be45C32 relative to Be45 were 1.5
and 0.34 eV, respectively. This compares favorably with the experimental bulk
work function lowering of 2.3 eV. Theoretically, H is predicted to adsorb on
Be19 but not on Be33 nor on Be,c, consistent with the fact that there is no
experimental observation of adsorbed hydrogen on beryllium metal. Analysis of
the Mulliken populations for the 19 Be atom system indicates that this cluster
.18 ~too small to model the surface of bulk beryllium. However, the population
analysis for Be33 gives strong indications that this cluster is an adequate

*model for surface interactions. Simultaneous oxygenation and cesiation of Be45
results in a greater work function lowering than does cesiation alone, while
hydrogenation of Be45Cs2 results in a work function increase. The electron
population analysis for 45 2Cs2 indicates that the emitted electron is
predominantly vacating a cesium orbital. 1In Be45 2C32, however, the Be
cylinder 1is more involved in ionization, donating approximately 40% -f the

emitted charge.

Two additicnal graduate students worked on certain aspects of the project.
Doctoral student Makoto Sawamura investigated quantum confinement phenomena in
the context of lead iodide clusters at the Hartree~Fock level of approximaticn.

The work 1is described 1in detail in his doctoral dissertation and in an
articles published in The Journal of Physical Chemistry, Physical Review B and
Chemical Physics Letters. Masters thesis student Ping Wang completed a project
involving a theoretical study of the cesium suboxides and the nature of the
large work functicn lowering (as low as 0.9 eV) from the standpoint of ab

init12  calculations using the finite cluster model. She completed her degree




requirements in May, 1990 and the results of her study are being published in
The Journal of Chemical Physics.

During the third year of the grant permission was obtained from the AFOSR
to use certain of the grant funds to assist in the purchase of a scanning
tunneling microscope (STM). The instrument was acquired anﬁfaéégboratory was
set up. The initial research was carried out by a third doctesi%student, John
F. Womelsdorf. He completed benchmark studies on small (~15:4 i
colloidal particles. The images were striking and the work 'ff‘published in
The Journal of Physical Chemistry. Following this study, it was planned to
study a series of cesium suboxides and attempt to measure their work functions.

This work, together with a study of the fundamental interaction between the
STM tip and substrate, are now underway and are being supported by a one year
extension from the AFOSR. A paper describing our findings on tip-surface

interactions was published in Surface Science.

Publications 1-5 and 9-13 (Section 4) comprise the remainder of this Final
Report.. Copies of the three student theses (Publications 6, 7 and 8, Section

4) were sent separate from this Report.
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EFFECTS OF HYDROGEN AND OF CESIUM ADSORPTION
ON A BERYLLIUM SURFACE:
A THEORBYICAL AND EXPERIMENTAL STUDY

wp

G.S. TOMPA * and M. SEIDL | ;_

Deparment of Physics and Enginsering Physics, Stevens Instinate of Te
NJ 0730, UsA

Racsived 29 February 1988; accepted for publication 19 September 1988

Cosium and hydrogsa adsorption on beryllium clusters containing 19, 33 and 45 atoms are
studied uaing sestricted Hartres-Fook (RHF) calculations and ab initio relativistic effective core
potentials. The Be clusiers are wken as cylindrical plugs from s Be metal wafer. Be-Cs and Be-H
internuciour distamces are optimised, while Be-Be internuclear distances are frogen at the bulk

‘ metal values. For each system, sumerous low-lying electronic states are investigated. The calcula-
tions are carried out in the comext of an experimental study to determine the effects of Cs and of

b H adeorption on the work funstion of De metal. Auger electron spectroscopy and experimental
! work fusction messurements indicate that H, doss not adsorb on polycrystalline Be, while
photosmissien and thick Cs overlayer measuremaents show a 2.3 eV lowering in the work function

of Be metal wpon Cs adsorption. RHF calculations indicate that Be,q, with three layers of atoms,

is 100 small 0 adequately model the Be surface. Calculations on Be,,. a five-layered system, and

Bags. 8 ssven-layesed system. show that H does not chemisorb on the surfaces of these clusiers,
S .. Cs does and lowers the iomization potsatial of Beyy by 1.5 eV. The emitted electron from
% 904;Csy cluster vacstes a molecular orbital which is localized in the surface layer.

4" It is well known that adsorption of cesium on a metal surface lowers the
work function of that metal [1,2]. In particular, the reduction in the work
function of beryllium arising from cesium adsorption has been the focus of a
very recent study [3]). In the present work. cesium and hydrogen adsorption on
a beryllium surface are studied using ab initio quantum mechanical calcula-
tions. H, adsorption on polycrystalline Be is also studied by monitoring the
work function and the Be (104 eV) differentiated Auger electron signal
intensity.

* Current address: EMCORE Corporation. 35 Elizabeth Avenue. Somerset. NJ 08873, USA.

0039-6028 /89 /$03.50 © Elsevier Science Publishers B.V.
(North-Holland Physics Publishing Division)
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Theoretical studies of the adsorption process yield detailed information
about the metal surface which is not easily obtained experimentally. For
example, results related to charge distributions and orbital structure are
calculated. Many such studies have used clusters as models of the surface
[4-T). A good model of the adsorption process, however. requires the use of
clusters large enough to accurately describe the metal surface and its interac-
tion with the substrate, while remaining small enough for application of
accurate theoretical methods. In this study, the clusters are taken as cylindrical
plugs from a Be wafer having Be-Be internuciear distances equal o thoikd
the bulk hcp metal Larger spherical clusters weve the focus of revent-igi
[8]. The use of effective core potentials to describe the core electrdips i
and beryllium alow the calculations to remain tractable while neniniiii
well-defined level of theory. The complexity of the calculstions-is- simplified
further by presesving full D,, point-group symmetry in each cylindrical
cluster.

2. Methodology
2.1. Theoretical model and calculations

The model systems are taken as cylindrical “plugs” from Be wafers having
surfaces corresponding to the (0001) hcp metal faces. A view of this wafer
alovg the ¢ direction is illustrated in fig. 1. Table 1 defines all the cylinders of
a given radius which may be formed from a wafer of a given thickness. In this
study, three such cylinders are treated. The first has a thickness of three layers
and is comprised of 19 Be atoms; the second is five layers thick and contains
33 Be atoms, while the third contains 45 atoms and seven layers. All three

" cytlinders have a radius R, which inciudes a one-unit cell step along the a

direction. Be-Be internuciear distances are equal to those in the bulk hcp
metal (a = 2.29 A, ¢ = 3.58 A) [9]. The resulting cylinders have D,, pomnt-group
symmetry, and the adsorption of atomic hydrogen. one on the top suricce and
one on the bottom surface of all three cylinders. 1s modeled such that the
three-fold symmetry is preserved. The same applies to the adsorpuon of
atomic cesium. In all cases. the Be-adsorbate internuclear distances have been
optimized in self-consistent field (SCF) caiculauons. The 19- and 33-atom
cesiated and hydrogenated cylinders are shown in figs. 2 and 3. The 45-atom
cylinder is not shown, but it is simlar 10 the one picture in fig. 3. except that it
contains seven layers instead of five. and the two surface iavers are identical 1o
the surface layers of Be,, (fig. 2). Resuits obtained using these svstems are
compared to those calculated by treating identical bare Be cvlinders.
Caiculations were accomplished on a Crav X-MP supercomputer using
programs based on the “equal contnbution theorem” for two-electron in-
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ITTTT

Fig. 1. A view of bulk Be metal along the ¢ direction. Nuclei are situated at the apices of the
hexagons. as well as at their centers. Layers represenied by dashes lie at ¢/2 on the ¢ axis (see
table 1.)

tegrals [10]. Ab initio restricted closed-shell and restricted open-shell
Hanree-Fock calculations. each corresponding to an average energy of con-
figuration. were carried out on numerous low-lying states of each cluster. (The

Vabie 1

‘e clusters by coordination cylinder and hcp layer

“*Cytinder beght Ro R, R,=a R,

I"‘mmu)

. +aoc/2

3¢/2 0 3 3 [
¢ 11 11 77 77
c/2 000 333 333 6 6 6
0 1111 111 1 77177 7777
-c/2 000 33 3 3 33 6 6 6
-« 11 11 77 77
-3c/2 0 3 3 6
-2c/2

No. atoms 1133 17915 713273 7193145
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O

Fl&l.le,,x,.x-Ca.H. Fl‘. 3 Be,,x,.X-Cs. H.

average emergy of configuration is defined as the weighted mean of the
ensrgies of all the multipiets for the configuration.) The largest clusters
med about one hour of Cray X-MP time for each geometric orientation.
following basis sets of contracted Gaussian-type functions were used for
hrymm cesium and hydrogen, respectively: (3s2p),/[2s1p} (11}, (SsSp)/[3s2p]
“*tiz). and (4slp)/[2s1p] [13). Ab initio effective potentials (EP) [14] were vsed
_to represent the 1s core electrons on Be (11] and the 15-4s, 2p-4p. and 3d-4d
" core electrons in Cs [12]. In the case of Cs. relauvistic effects were incorpo-
rated irto the EP [14]. Binding energies calculated reiative to the completely
dissociated clusters are given 1n table 2. (Valence SCF energies for atomic Be.
Be™. Cs, C:*. H and H™ are —0.95083. —0.65457. —19.84225. —19.72876.
~0.49928 and —0.44815 hartrees. respectively. for the basis sets used in this
study.) The total adsorption energies given in table 2 for the cesiated and
hvdrogenz:ad clusters were calculated relative to the SCF energies of the
naked clusters plus that of two adsorbate atoms.
Theoretical work functions are given in table 3. The first values in each row
were calculated as the difference between the total valence SCF energy of a
neutral cluster and that of the 10n generated by removing one electron from

184
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Table 2
Resincted Hantree- Fock energes of states of Be,, and Be,, X, clusters
Cluster Occupied MO's ' Cluster Totai
; ; w ” - BE adsorpuon en

. 3 3 € ¢ H (kcal /mol) (kcal/mol~u:::ng)y
Be,o ° 4 1 3 4 2 0 325.25
{Beyo]” 4 0 3 4 2 0 294.70
Be,oCs, 6 1 5 5 k] ] 402.99 18.87
[BeyoCs, 1™ 6 1 s 5 3 ] 408.37
Be,oH, ¥ 4 1 3 4 2 1 393.76 - 8428
|BeygH.)" 4 1 3 Kl 2 0 579.66 T
Bey, 6 1 5 6 4 1 724.94
[Beyy]” & 1 6 6 4 1 815.76
Bey,Cs, ' 8 1 7 7 6 1 768.46 21.76
[BeyyCs ;)™ 8 1 7 7 6 1 779.74
Bey,H, *" 7 1 5 6 4 1 721.32 1.19
{BeyyH,1* > 7 1 5 6 4 1 818.70
Be,, ¢ 8 2 7 8 6 2 1078.74
[Beys]” 8 2 7 7 6 2 1196.77
Bey H, ™™ 8 2 7 8 6 2 1115.07 18.16
[BeysH, )" 8 2 7 8 6 2 1228.41

* Entnes correspond (o total number of occupied MO's of each entrv. Bold numbers denotes
orbital from which the electron was removed.

® State corresponds 10 the weighted average of configurauon.

' Open-shell state: (a5)'(a%)".

9 Open-shell state: (25)'(a)’)".

¢ Open-shell swate: (e”)?.

" Open-shell swate:( (2;)'(a7)".

® Open-shell state: (33)'(e’)’.

M Open-sheil state: (a3) (e

the highest occupied orbital of that cluster. The values immediately following
are due to Koopmans’ theorem and correspond to the negative of the energy
of the molecular orbital (MO) from which the electron was ionized. Expen-
mental values obtained as discussed below are also shown.

Atomic net electron charge values are given in tables 4-6. as calculated
using 2 Mulliken population analysis {15]. Values of R appearing in these
tables correspond to optimum atom-to-surface distances. These distances were
calculated from the minimum of a curve fit to SCF energies for three or more
distances.

2.2. Experimental procedure
Expenmental measurements were performed in an ultrahigh vacuum system

with a base pressure of 5 X 10™"" Torr. Pressures were monitored with a nude
ionizauon gauge whose controller allowed calibrauon for H.. The general
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Tabie 3
Work functions of Be,, and B, X, clusters
M ¢ (QV) a)
Beyy 5.35. 5.04
Be,yCs; 341.2.99
BeyH, 4.30. 3.96
¥ 441.4.11
BeyyCs: 2.92.2.60
BeyH, 4.37. 409
Beys 3.16.2.94
u,"; 3.40.3.15
Pe (expt) 3.92
leC::pn » 16
DeH (expt) 3.92
M(lt“-le“Cs;l “ 194,205
Ae{Bdry-BayH,) 1.05. 1.08
S¢{Bej;~BeyyCs, ) 1.49.1.51
A¢(Beyy ~BeyyH ) ¢ 0.05. 0.01
Ad[Beys-BysH,] ¢ -0.24. -0.21
A¢{Be-BeCi},,,, ' 23
A¢(Be-BeH],,, 0

* Where two valuss appear. these are Koopmans' theorem and A E¢cp values. respectively.
> At optimum Cs coversge.

' Vailues correspoad 10 2 work funclion lowering.

% Values correspond to & work fumction increase.

experimental apparatus was described previously [3.16]. The sample was
mounted on a carousel that allowed rotation to either a retarding field electron
dlode suhen [17.18]), where work function shifts were measured. or 0 a
mirror analyrer station having a center-mounted electron gua with
.which Auger electron spectroscopy (AES) measurements were made. A sputter
gun was co-focused onto the sample with the AES system and was used to

aputter clean the surface.

AES showed that no O or C contaminants were present after sputter

# 'f,,;cletmng The onlv contaminants present were Ar (< 1.1%) and N ( < 2.4%).

P

.and these were due 10 the sputter cleaning. After cleaning. AES and work
funcuon shifts indicated the Be surface to be free of contaminants for a period
in excess of one hour.

The experimental procedure was as follows. The sample was first sputter
cleaned. H. could be introduced into the system at anv ume before. duning or
after sputter cieaning. Cs was deposited onto the surface from a low-energy Cs
(5 eV) source [3] before or after sputter cleaning at a separate deposition
station adjacent to the work function station. The Auger signal was generallyv
monitored during cleaning. After cleaning. the Auger signal either continued
to be moniored or the sample was rotated from its posiuon facing the
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AES/ sputter cleaning station to a new position facang the work function
diode. thus allowing the work function shift to be monitored. The reposition-

ing was accomplished in approximately twenty seconds.

3. Resuits and discussion

Total adsorption emergies for the cesiated and the hydrogemated 1
appear in table 2. As was previously mentioned. the energies were ¢
relative 10 the 1otal SCF energies of the naked clusters plus thet ot §
adsorbate atoms in their ground states. These enexgiesm389 *21 3
M 1&2 w/ml m fot Be‘9C52, BC),CS;, BC]gHz, B‘,
respectivply. For Be,yCs, dissociation to Bej, + Cs™ + Cs “58.9%esl/
mol - atem. Dissociation of Be, H, 10 yield Be;, + H+ H and Be;o + H+ H™
requires 108.6 and 175.3 kcal/ mol - atom. respectively. Dissociation of Be,.Cs.
to Bej; + Cs + Cs™ needs 49.4 kcal/mol - atom. Energies of 149.8. and 64.6
keal/mol - atom are nesded to dissociate Be,y,H, to Bey; + H+ H™ and Be;,
+ H + H™, respectively. Finally, the dissociation of Be,H. 10 yield Be + H
+ H™ and Be; + H + H™ requires 68.1 and 150.12 kcal/ mol - atom. respec-
tively. Therefore, the lowest-energy dissociation limit is of the form Be, + 2X.
where X is an adatom in the ground state. This procedure will be named
method 1. There are two alternative ways of caiculating the adsorption energy.
methods 2 and 3. Method 2 involves calculation of the adsorption energy
relative to the total energy of the lowest electronic state and MO configuration
for the equilibrium geometry of the cluster-adsorbate system and the same
electromic state for a clusver-adsorbate separation of approximately 10 A,

wihigh is taken as infinite separation. This method assumes no crossings among

iC states.

jor Be,,Cs,, BeyCs,. Bey,H, and Be,H,, this assumption leads to

ble errors. In these cases. the lowest energy clectronic state corresponding
e calculated equilibrium geometry is not the lowest energy state calculated

‘R imfinite cluster-adsorbate separation. This method yields adsorption en-

ergies of 53.7. 56.3. 136.4 and 177.0 kcal/ mol - atom for Be\Cs,. Bey;Cs..
BeyyH, and Be H,. respectively. Clearly. method 2 overesumates the adsorp-
tion energies of Be,,Cs,. Be,.Cs.. Be,oH, and Be, H, (by 14.8. 23.8. 102.1
and 158.8 kcal/ mol - atom. respectively. relative to method 1). No electronic
state crossings were found for Be.,H,. However. the ground state of Be,,H, 1s
open-shell and neariy degenerate (0.01 eV lower in energy) with a closed-shell
state that is 3.65 eV higher in energy at dissociation than the ground state.
Method 3. the second alternative method for calculauon of the adsorpuon
energy. involves taking the energy difference between the lowest electronic
state of the cluster-adsorbate svstem at equilibrium and the lowest electronic
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state of the same system at a cluster-adsorbate separation of approximatelv 10
A. This method vielded adsorption energies of 43.8. 36.8. 99.0. 47.1 and 642
kcal/motl - atom for Be,,Cs.. Be..Cs,. Be,oH.. Be,,H, and Be,sH.. respec-
tively. Relative to method 1. this method overestimates the adsorption energy
of Be,;Cs.. Be,;,Cs,. Be,gHa.. Bey;H, and Be, H. by 4.9. 15.0. 64.7. 45.9 and
46.0 kcal/ mol - atom. respectively. No electronic state crossings were found
for Be,;H.. Consequently. methods 2 and 3 vield the same value of the
adsorption energy for this cluster. Ideally. methods 1 and 3 should agree,
provided that the lowest energy electronic state at both-the og g
geometry and at infinite cluster-adsorbate separation has baen & ?
There are several problems inherent in using method 3. PFirst
caiculations presented here all involve restricted Hartree-Fock th
is not generally accurate for the description of systems having. peoie:
from equilibrium. As was previously stated. method 3 requires calculation of
the total energy for the system at a cluster-adsorbate separation of approxi-
matelv 10 A. Inspection of the gross atomic populations (GAP) for Be.,Cs- at
this distance reveals improper dissociauon to neutral atoms. The GAP of
cesium for this system should be 18. 9 electrons per Cs atom. In this case. the
GAP is 17. with approximately 1/2 electron from each cesium 6s orbital being
donated to the cluster. There shouid be no such ionization at this cluster-ad-
sorbate separation. unless an electron is transferred from Cs to Be upon
dissociation. yielding Be;, and Cs+ Cs™. However. dissociation to these
species requires 40.1 kcal /mole more energy than dissociation to Be,, + 2 Cs.
RHF calculations predict a net energy gain of 18.2 and 1.2 kcal /mol upon
hydrogen approach to the Be,s and Be,, surfaces. respectively. The approach
of hydrogen on the Be,, surface. on the other hand. results in an energy gain
of 34.3 kcal /mol. Cesium adsorption on both the Be,, and Be,, surfaces vields
energy gains of 38.9 kcal/mol - atom and 21.8 kcal/ mol - atom. respecuively.
Therefore. while cesium is predicted 10 adsorb on both Be,, and Be,, (i.c. at a
hole and at a head-on site) at the SCF level of theorv. hydrogen adsorbs
strongly on Be,, and appears to adsorb moderaielv on Be,, (i.e.. at a hole site)

" but only negligibly on Be,, (i.c.. at a head-on site).

Table 3 contains calculated values for the ionization potentials of all the
clusters studied. as well as values for the shift in ionizatuon potential (Ag)
resulting from Cs or H adsorption. Expenmentaily determined vaiues of the
work functions due to Cs or H, adsorption on Be metal are also included.
Results for the Be,. system indicate a slight nise by 0.2 eV in the ionization
potenual of the cluster due to H adsorption. while results for the Be., svstem
indicate a lowering by 1.5 eV in the ionizauon potential of the ciuster due 10
Cs adsorption. and no lowening due to H adsorption. The experimental
findings are 2.3 and 0.0 eV lowering in the work function of Be metal due to
adsorpuon of Cs and of H,. respectivelv. Adsorption of Cs and of H on Be,..
however. results in 1omzation potential lowenings of approximately 2.0 and 1.0
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Tabie 4
Electron populations of Be,,. Be,oCs. and Be),H,
Cluster  z-o0ordi- Atom No. Net charge per atom Total net charge

aate ¥ label  atoms®™ = difference

(o}
Cluster  [Cluster] ([Cluster] = — Cluster)

Be,, 0 DO 1 1.43 141

/2 BeA 6 -0.08 -007

c/2 BeC 6 -0.09 0.00

0 BeB 6 -0.07 0.00
Be,Cs, O B0 1 1.36 1.35

c/2 BeA 6 -0.05 -0.07

c/2 BeC 6 -0.17 -0.11

0 BeB 6 -0.14 -0.07

R® Cs 2 0.39 0.55
BeyH, © O 1 1.38 133

c/2 BeA 6 -0.16 -0.15

c/2 BeC 6 -0.06 0.07

0 BeB 6 -0.02 0.01

R® H 2 0.04 0.05
Y cw3SBA.

* Number of symmetry equivalent atoms. .
€' R=3.70 A for Be plane to Cs distance. (Be to Cs distance is 3.93 A.)
4 R =085 A for Be piane 1o H distance. (Be to H distance is 1.57 A.)

eV, respectively. Although the first value is in close agreement with experi-
ment. the secoad is not.

. These discrepancies are explained using the electron populations listed in
; 4 and S. In the case of Be,,. total net charge differences indicate
pation in charge redistribution by both the surface (BeC. z-coordinate
and middle (BeB. :-coordinate = () layers upon ionization of the
. In Bey,, ionization of the cluster results in a contribution of 0.4

] m from Be atoms (BeB) in the middle layer compared to 0.5 electron for

aoms on the surface. Thus. the middle and surface lavers of the cluster are
almost equally in the electron ionization process. For Be,,Cs.. both

" the surface (BeC) and middle (BeB) lavers contribute 0.4 electron. while Cs

donates 0.3 electron. Since electron emission is from the surface of the bulk
metal. it is concluded that Be,, is too small a cluster to model the Be metal
surface involved in Cs adsorption.

On the other hand. the middle layer of Be;oH, contributes 0.2 electron.
with the surface lavers (BeC) being predominantly involved in ionization. H
donates only a minimal amount (0.02) of charge. Part of the charge contrib-
uted by the middi2 (BeB) layer is shifted toward the BeC group of atoms in
Be,H.. Since the greatest charge perturbation occurs on the surface. this
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Table 5
Electron m‘m of BC”. BC_\,CS: and BCHH:
Cluster z-coords- Atom  No. Net charge per atom Total net charge
nate * label atoms ® Chuster _ [Cluster]- diﬂaence.
((Cluster]~ = Cluster)
Beys 0 BeO 1 0.96 097 0.01
c/2 BeA 6 0.55 0.53 -0.14
c/2 BeC 6 -0.10 -0.07 0.14
0 BeB 6 -0.32 ~-0.29
¢ BeH 12 -0.18 -0.10
¢ BeD 2 0.20 0.14
Be;Cs, O BeO 1 094 0.93
c/2 BeA 6 0.57 0.52
¢/ BeC 6 ~0.12 -007
0 BeB 6 -0.34 -0.33
c BeH 12 -0.28 -0.22
c BeD 2 0.44 0.40
R® Cs 2 0.46 0.60
Bey,H. © BeO 1 1.00 1.00
c/2 BeA 6 0.45 0.44
c/2 BeC 6 -0.06 -0.04
0 BeB 6 -0.30 -0.26
c BeH 12 -0.23 -0.16 .
¢ BeD 2 0.87 0.82 -0.10
R H 2 -0.24 -0.23 -0.02
¢ cm3SBA.

® Number of symmetry equivalent atoms.
¢ R =3.77 A for Be 10 Cs distance.
9 R =158 A for Be to H distance at local minimum (see text).

model appears 1o be adequate for the description of H adsorption. However.
further analysis reveals that this is not the case. As was stated previously. the
middle layer (BeB) of Be,, participates appreciably (donating 0.4 electron) in
the ionization process. indicating that this cluster does not reasonably model
the bulk surface. Adsorption of Cs or H onto this surface. therefore. vields
information about the interaction of these two species with a Be cluster. but
this information cannot be interpreted as also applying to the process whereby
a Cs or H atom adsorbs onto the bulk surface. Such an extension may be
made only in cases where the bare cluster is a good model of the bulk metal.

Be... a five-laver cluster. and Be,. a seven-layer cluster. appear to model
the Be metal surface more appropniately. Ionization of these clusters indicates
that the surface lavers (BeH for Be,, and BeG for Be,;) donate most of the
emitted electron. Although the middle layers also contribute charge. the
involvement of the surface lavers is three to four times as great. The adsorp-
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Tabie 6
Electron popuistions of Be,. and Be,.H.
Cluster  :-cooedi- Asom  No. Net charge per atom Total net charge

nate label atoms "’ = difference

Ci uster|
uster  [Cluster)™  uster)~ — Clusten)

Beys 0 BeO 1 1.00 1.00

c/2 oA ] 0.42 0.41

¢/2 heC ¢ ~0.18 -0.16

0 »nl 6 ~0.34 -0.30

¢ - DM 12 -0.18 -0.17

c BeD 2 1.36 1.34

3¢/2 BoF 6 -014 -0.14

3¢/2 BeG 6 -0.02 0.08
Be,Hy 0 3D 1 099 098

c/2 BeA 6 0.43 041

c/2 8eC 6 ~0.14 -0.12

0 Bed 6 -0.36 -0.32

[ BeH 12 -0.14 -0.13

3 BeD 2 132 1.30

3c/2 BoF 6 -0.18 -0.18

3c/2 oG 6 -0.06 0.04

R® H 2 0.01 0.01
v e3ISA.

® Number of symmetry equivalest stoms.
© Rw0.86 A for Be piase w0 H distance at local minimum (see text). Be 10 H distance 15 1.58 A.

tion process. then. is represented more reasonably by using Bey, or Be,, rather
jpn Be,y 10 model the metal surface.

~Table 6 shows that the surface (BeG. z-coordinate = 3¢/2) layers of Be,,
Beyy H, are most affected during the ionization process. although the
layers of Be,H, are also involved in ionization. their contribution 1s
compared o the charge donated by the surface (BeG) layers (0.2
0.6). As with the Be,, systems. some of the contributed charge is shifted

“M‘mtd several groups of atoms in the Be,. clusters. for example. BeA
%% tiecoordinate = ¢ /2). However. the largest percentage of the charge involved

in ionization is donated by the BeG atoms in the surface laver. It is aiso
interesting to note that the net charge differences for Be,sH, are nearlv
identical to those for Be,,. the onlv difference being 0.06 for the BeA laver.
The approach of H on the Be,. surface does not affect the ion1zation process.
The same conclusion is reached from an analysis of the electron populauons of
Be.. and Be,,H,. which appear in table 5. The values of A¢ appeanng in table
3 are another indication that H has no effect on the Be., and Be,. surfaces.
The greatest shift in ionization potential occurs for the latter surface and 1
0.2. Ao for Be,, 1s pracucallv 0. Therefore. H 1s not predicted to chemusorb on
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the Be surface and. in fact. does not in the case of Be,; (the adsorption energy
is 1 kcal/mol - atom). The adsorption energy of H on Be,,. although greater
(18 kcal/ mol - stom). is attributed to a local minimum since both the popula-
tion analysis and A¢ values indicate no effect on the Be,, surface due to H
adsorption.

H approaches the Be,, surface directly above a Be atom (directiy overhead
site) in the preseat calculations. There are thmothcrpoﬁbleum tor
adeorption. These are the Be-Be midpoint. eclipsed and 9

located on the surface. The second involves adsorpticd i
triangle of Be atoms located on the surface. the center of whi
above a Be atom situsted in a layer next to the surface (Which.|
Bey). Thop-umhumeadmuwapprmmelemm
sbove the center of a triangle of Be atoms located on the surface. directly
below which there is no Be atom. According to a study by Bagus et al.. the
directly overhead site is the least stable for the adsorption of H onto a Be
surface [19). These adsorpuion energies were obtained in SCF calculations
using clusters comtaiming two to three layers. Be,, is a five-layer cluster and
thus should vield a reasonable value for the adsorption energy associated with
the directly overhead approsch of an atom to the surface. while adsorpuon on
an eclipsed site is adequately modeled by the seven-laver Be,s cylinder.
Method 3 yields 47.1 kcal / mol - atom. while method 1 predicts only negligible
adsorption for H on Be,,. For reasons already stated. method 1 is expected 10
be more accurate Therefore. H is predicted to adsorb very weakly. if at all on
Bey;. The lowest energy Be,,-H distance is 1.58 A. which represents a local
minimum since, as discussed above, H does not bind 10 Be,,. Bagus et al.
reported an SCF adsorption energy of 32 kcal /mol for H on Be,, (a three-laver

o Chaster with 14 atoms on the top and bottom layers and 8 atoms in the mddle)
# and a Bey-H distance of 1.38 A [19). These values also correspond to
.+ adsorption on a directly overhead site.

Adsorption of H on Be,, amounts to 18.2 kcal/mol - atom. The optimum
H-to-Be-plane distance is 0.86 A. which is also a local minimum since the

electron populations of Be,, and Be,(H. are nearly identical. indicating that H

has no effect on - i.e. does not chemusorb to - the Be,. surface. The
corresponding values for adsorption onto a Be,, cluster reported bv Bagus et
al. are 42.3 kcal/mol for the adsorption energy and 0.95 A for the distance
from H to the surface.

It is aiso the surface lavers (BeH) of Be,.Cs. that are predominantis
involved in electron removal. These layers contribute 0.7 electron. whereas the
greatest charge contributed bv the inner lavers 1s 0.3, The total net charge
differences of Be,,Cs, differ from those of Be,,. indicaung that Cs. unhke H.
is affecting electron removal. In fact. Cs donates 0.3 electron 10 this process
The effects of charge redistnbution resulting from 10nization are greater for
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the inner layers (relative to the surface lavers) of Be..Cs. than for those of
Be. H,. The BeC group of atoms contribute 0.3 electron. while the BeA atoms
accept 0.3 electron in Be,,Cs.. These amounts correspond to less than half of
the charge contributed by the surface layers. In Be;;H,. the greatest contribu-
uon by the inner layers is approximately one fourth of the charge contributed
by the surface. The small but non-negligible involvement of the inner layers of
Be,;Cs, in the ionization process indicates that the discrepancy between the
calculated and measured work function lowering (table 3) may be impaggd:
treating a cluster corresponding to a larger cvlinder height: f
atom cyiinder of table 1. Another possibility is the treatment d’ :
having the same height as Bey; or Be,, but a greater radius (see table 3.aipi
1). In addition to improvements in A¢. adsorption of Cs on an eehpulr
(for example, Bed5) is predicted to be more stable. Unlike the head<on site. -
this position allows the Cs to interact more closely with the surface triangies of
Be since there is no center atom present.

It is noted that the present study contains certain constraints and assump-
tions. First. no geometry relaxation was attempied for the Be clusters. Al-
though the Be-adatom distances were optimized. the full D,, symmetry of the
cluster was maintained. and the Be-Be distances were held fixed at the
expenmental lattice constants of Be metal. For clusters of this size. it 1s
probable that the optimum geometry may not match precisely that of the bulk
metal. Surface geometries do not generally match the corresponding bulk
lattice constants. Most materials are known (o expenience some degree of
reconstruction at the surface due to the bending of outward-directed (from the
surface) unpaired orbitals. Second. adsorption of Cs and of H was modeled
using only one atom above the 10p and bottom lavers of the cluster. Since the
shift in the work function of Be metal depends on the degree of surface
coverage [3]. the results may be altered by adsorption of more than one atom
of Cs or H on each cluster.

Third. the calculations do not include electron correlation effects. As
previously mentioned. all low-lving electronic states of each cluster were
studied. Several of these states were nearlv degenerate (within 0.1 eV). making
a reordering of states possible upon inclusion of electron correlation. Such
cffects mayv be accounted for. at least 1n part. through the use of local-density-
functional approaches. These methods replace the exchange terms in the
Hartree- Fock equanions by sphencal potenuals. otherwise known as muffin-un
potenuals. through which some electron correlation corrections are introduced
into the svstem. Metal surfaces such as that of tungsten have been studied
using these approaches [20]. However. the results presented here are ab mmito.
unlike those obtained using densitv-functional theorv. Furthermore. correla-
uon energv cancellation 1s expected between the neutral and cauonic cluster
svstems. Although this cancellation is not complete because the neutral svstem
contains a greater number of electrons. the clusters treated here are large
enough (e g.. Be..Cs. contains &4 electrons) so as 10 mimimuze thus error
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Fourth. the valence basis sets used in this studv were not compiete.
Additional p-type functions. as well as d-type GTF's may alter the computed
adsorption energies to some degree. Finally, no periodic boundary conditions
were imposed on the clusters, making the results dependent on cluster size.

Despite these conditions. the work presented here provides useful informa-
tion sbout the sdsorption process. including a detailed analysis of the nature
of ihe interactions at the surface, the latter of which cannot be obmned via
experiment alowe. All of the theoretical results are calculated using SllS
initio procedures: that is. no experimental parameters weraped. J
were spproximated and all terms in the Hamiltonian were retaigall
tic effects for cesium were incorporated into the calculations.
initio effective core potential. Despite the neglect of periodic bounds i
mthedusmuaedtomodelﬁ:c&surfacemlupmminﬁee
layers. five layers and seven layers in the case of Be,,, Be,, and Be,,
respectively. Energies for numerous low-lying electronic states were studied.
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Fig. 4. (a) The work funcuon shuft of sputter cleaned Be 1n ume exposed 10 the residual gas in the

chamber (76 x 10" "' Torr). (b) The work funcuon stuft of sputier cieaned Be exposed to H-

(20%10°" Torr) at 1 =50 s. (¢c) The change 1n sputter cleaned Be AES signal in ume upon

exposure to the residual gas (7 6 ¥ 10" "' Torry in the chamber (dark curve) and upon exposure 1
H. (30x10°" Torn
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The states were chosen by analvzing the highest occupied and lowest unoc-
cupied molecular orbitals. Finally. independent SCF calculauons were used o
determine the ionization potenuals of the clusters in addition to the use of
Koopmans' theorem.

The experimental findings of Cs adsorption on Be have been presented and
discussed eisewhere [3]. Exposure of the surface to H, yielded no observabie
change. That is, the Be substrate Auger signal was not attenuated and there
was 80 discernable work function shift. Typical results are shown in fig. 4. in.
curve a. the change in the work funcuon with time is shown for spulthr
cleaned polycrystalline Be exposed 10 the residual gases in the cham ,
7.6 x 10~"! Torr. Curve b corresponds to the same sample with the exoug
that at time 1= 50 s, H, was let into the chamber at 2.0 X 10™* Torr. -‘Thid
corresponds to a flux of 3 X 10"’ molecules/cm” - s at room temperature. No
change in the work function was seen for a period in excess of 10° s.
corresponding 10 a fluence greater than 3 X 10'® molecules/cm®. Curve ¢
shows the Be (104 eV) Auger electron signal for a sample first sputter cleaned
and exposed to the residual gases in the vacuum (solid symbol curve) and for
the same sample sputter cleaned in and maintained in H, at 3 x 107" Torr.

4. Conclusions

Analysis of the Mulliken populations for Be,, indicates that this cluster 1s
too small to model the bulk surface. However. the population analyses for Be,,
and Be,; indicate that these clusters are adequate models of the Be metal
surface. The adsorption energy of Cs on Be,, is caiculated as 21.8 kcal/ mol -

_agom. The decrease in the ionization potential of Be,,Cs, relative to Be., 1s

ted to be 1.5 eV. The expenmental work function lowering resulting

Cs adsorption is measured as 2.3 eV [3). The adsorption energies of H on

f&, and Be,s are 1 and 18 kcal/ mol - atom. respectively. The first value is

‘nagligible. while the latter is attnbuted to a local minimum since Mulliken

population analysis and A¢ values for both Be,. and Be,, indicate no effect on

these clusters due to H adsorption. Expennment reveals no adsorption of H- on
Be metal. thus ruling out dissociauve chemisorpuon.
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Bi,l,s is studied using ab initio Hartree~Fock calculations including relativistic effects. Electronic spectra. geometnic parame-
ters and net atomic charges are repornied. Blue-shifts in the opucal absorplion spectra relative 1o buik Bil. are observed. Increases
1n interiayer distances result in shortened Bi-Bi separations. Results are consisient with quantum size effects 1n smali semicon-
ductor clusters and with scanning tunneiing microscope images.

The properties of clusters are attracting increased
attention because they represent an intermediate
phyvsical regime where neither atomic nor solid-state
descriptions are independently appropriate [1-3].
Although numerous experimental techniques to syn-
thesize clusters both in gaseous and condensed phases
are in use {4-9]. there is no generally available ex-

perimenthl ure to determine the structure and
of the produced. Hence. theoretical
i ts fpp Ciister structure as a function of cluster

o & mnajor role.
compuitstional difficulty inherent in treating
large systems comprised of heavy elements. how-
ever. has preciuded ngorous ab initio studies on such
clusters. Theoretical treatments on systems of this
type have largely neglected relativistic effects. as well
as certain exchange interactions among electrons.
Consequently. the majority of ab iniio work in
semiconductor systems has been limited to small
clusters of light eilements such as silicon {10.11]. In
such strongly covaient systems. 1t is found that smail
1solated clusters tend to reconstruct to form tightly
bound symmetncal structures with a high degree of
coordination. Moreover. the tendency to minimize
the number of exposed dangling bonds means that
the bulk silicon structure 1s recovered oniv for very
large clusters.

The structure of the lavered semiconductor inves-
tigated here exhibits a radically different depen-

dence on cluster size than do those of isotropic sil-
icon. Unlike clusters of Si. Biyl,; essenually retains
the structure of the bulk crystalline lattice in the lat-
eral direction for the range of geometnies studied. We
find. however, that there can be significant elec-
tronic coupling between interlayer peniurbanons and
intralayers lattice dimensions in this cluster. Indeed.
for large increases in the Bi~I interiayer spacings. we
see in-plane lattice constants decrease by as much as
10%. With these results. 1t might be possible to ex-
piain recent compelling scanning tunneling images
of Bil, clusters {12].

The Bigl,s cluster model studied is shown 1n fig.
1. It has the layer symmetry of the bulk crvstal and
1s compnsed of a plane of bismuth atoms. above and
below which is situated a tnangular laver of iodine
atoms. This model was chosen based on expenmen-
tal data on small clusters of the lavered semicon-
ductors Pbl, and Bil, grown as colloidal suspen-
stons. Clusters of the type Bil, were found 10 be
comprised of two hexagonally closed-packed lavers
of iodines between which was sandwiched a laver of
metal atoms in a honeycombed arrangement [8].
Bisl s has Dy, point group svmmetry (cubic close-
packing) and represents a fragment of the bulk crvs-
1alline sohid {one unit cell thick) having 10dine lay-
ers stightly perturbed from the bulk arrangement to
preserve the svmmetry of the cluster. The coordi-
nation numbers for our cluster and for the bulk crvs-

202 0 009-2614/89/8 03.50 © Elsevier Science Publishers B.V.
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Fig. 1. Bigls cluster having Dy, point group symmetry. (The
threefold rotation axis 1s indicated by C,.) Three symmetry-dis-
unct | atoms are indicated. All interstomic distances correspond
10 bulk Iattice comstants. The positions of the ID stoms. however,
sre rotated by 49.2° reiative 1o the bulk.

CHEMICAL PHYSICS LETTERS

Table |
Coordination aumbers

Atom I B Total
bulk ** Bt 6 0 6

1 6 2 8
cluster ! B: 6 0 6

1A S 2 7

1C 2 2 4

ID 3 2 5

-"Ref. (13]. * Seefig. [1].

1al are gtven In tabie 1. It 1s interesting to note that
these values are equal for Bi. This results from the
fact that our model cluster was constructed such that
each bismuth hies at the center of a distorted octa-
hedron. ( Bi-ID distances are 38.5% longer than Bi-
I distances tn crystalline Bil,.) This arrangement 1s
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similar to that of bulk Bil,, where each bismuth lies
at the center of a nearly perfect octahedron of io-
dines. Bi-Bi. I-1 and Bi-I internuclear distances were
mmually determined fiom the lattice constants of
crystalline Bil; {13]. However. the ID group of at-
oms (see fig. 1) were rotated by 49.2° counterciock-
wise with respect to the original bulk srrang

obtain a cluster of Dy, fgmmetsy. ¥ilidos
ID separations which are 41.4%
responding bulk crystal valuss.
tances were then optimized in ab sggiare
calculations. consistem: with the vssilition principle
and preserving the cylindrical structure of the clus-
ter. All iniuial and optimum nearesi-neighbor inter-
atomic distances in Bigl,, are given 1n table 2. This
table also contains the corresponding bulk crystal
values. where applicable.

Ab initio effective core potentials which include
relativistic effects {14] were used to represent the
| s—4s. 2p-4p and 3d-4d core electronsin I [15] and
the 1s-5s, 2p-5p. 3d-5d and 4f core electrons in Bi
{16]. Basis sets of contracted Gaussian-type func-
tions were used to represent the valence orbitals of
Bi and I [15.16]. Self-consistent field (SCF) ener-
gies for the lowest-lying molecular orbital electron
configurations were calculated for each geometnic
onentation of the cluster. These ab initio restricted
closed-shell and restnicted open-shell Hartree~Fock
linear combination of atomic orbital - molecular or-
bital (LCAO-MO) calculations were accomplished
using programs based on the “equal contribution
theorem™ for iwo-eleciron symmetry orbnal inte-
grals [17]. The lowest unoccupied MOs (LUMOs)
of all the electron configurations studied for neutral
Bigl,s were quite iow-lving. For exampie. the six

Table 2
Biyl,q nearest-nesghbor interaction distances (A )

Atom pair Bulk *’ Inival Opumum
Bi-lA 3.09 3.09 3.20
Bi-IC 3.09 3.09 3.20
B-ID - 4.20 4.28
1A-1A 437 437 4135
1A-IC 437 437 4.35
IA-ID - 437 435
IC-ID - 6.18 6.15
Bi-B: 437 437 4.35

' Ref. [13)
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LUMOs for the lowest-energy electron configuration
studied had energies below —2.75 eV. indicatng that
the neutral system is electron deficient.

This conclusion is supported by Koopmans' theo-
rem [ 18). If the cluster wavefunction ¥(2N), a 2\-
electron antisymmetnzed product of MOs {g,,!. is
stationary and ¢,, is an eigenfunction of the Fock op-
erator. then W(2N+ ). where an electron is added
10 @ IS ais0 stationary with respect 1o any further
variations in the orbitals to first order. This indi-
cates that systems possessing very low-lying LUMOs
are electron deficient. in that addition of one or more
electrons to these orbitals will increase the overall
stability.

To satisfy this electron deficiency, we studied a
doubly charged anionic Bigl,s cluster. We also be-
lieve that the anion is the most natural cluster to
consider from the experimental point of view since
clusters of this type are prepared in solution as col-
loidal particles in the presence of excess iodide ion
{19]. The total energy of Bisli§ was found to be
more than 10 eV lower than the corresponding neu-
tral species. in this case. nearly all the LUMOs have
energies greater than zero. indicating that the sys-
tem’s clectrophilicity has been quenched. A geome-
try optimization of Bigl}; indicated that the equi-
libnum interlayer distances were expanded vertically
by 9.8 vetative 1o bulk Bil,. This vertical expansion

30 2 3.6% increase in Bi-IA and Bi-IC dis-
Awd 10 2 1.9% increase in Bi-ID interatomic
Wns (table 2). Intralayer distances. however,
were contracied by only 0.5% relative 10 those in the
bulik. This svstem tends to contract laterally as the
interlayer separations are increased. For exampie.
expansion of the interlaver separation by 60% results
in a 10% contracuion in metal laver lateral dimen-
sions.

A total of sixieen low-lying MO electron config-
urauons of the cluster were studied at both the cal-
culated equilibnum interatomic distances and at a
geometry corresponding 10 a 60% expansion in the
interlaver distance and a 10% contraction 1n lateral
dimensions. These percentages were chosen from the
results of a series of calculations at geometnes rang-
ing from 10% contraction 10 60% expansion of the
lattice constants in the vertical direction and 20%
contraction 10 10% expansion 1n the lateral direc-
uon. All of these configurations. with the exception

N4

CHEMICAL PHYSICS LETTERS

10 November 1989

of states 13. 15. 16. 17. 19 and 20. possessed two un-
paired electrons and were treated as pure spin tripiet
states. i.c. the cluster wavefunctions are spin eigen-
functions having total spin quantum number S=1.
States 13. 17 and 20 correspond to the same electron
configuration comprised of four open-shell electrons
coupled to form pure triplet s Jhe same applies
10 states 15. 16 m&g,

Since the heavy &les involve appre-
ciable relativistic effects § in-orbit spiit-
ung. a pmsedcm ry for an MO
configuration of &m 3) is some-

what ambiguous. The caic " reponed here are
based on L-S atomic coupling in the context of av-
eraged relativistic effective core potenuais (REPs)
[14]. More extensive calculations that make us of
REP-based spin-orbit operators and explicit elec-
tron correlation are required 10 specify the electronic
states more precisely [14]. However. the present
calculations provide an accurate representation of
cluster electronic states in terms of L-5 coupled sep-
arated atomic states. Note that for large clusters the
dependence of electronic properties on specific 1otal
orbital and spin angular momentum coupling is re-
duced considerably due to the presence of bands of
adjacent states [20].

Excitation energies are given in table 3. Each value
is the difference between the total SCF energy of the
ground state and that of an excited state. State 11 at
1.28 eV is the only closed-shell state lying within 4
eV of the ground state. Table 4 reports electron charge
per atom values based on a Mulliken population
analysis [21] for the lowesti-lving state a1 each of the
aforemenuoned geometnies. The energy separations
for equilibrium Bi,l;; listed in table 3 are band-like.
States 1 through 12 exhibit a nearly monotonic nsz
in energy and lie considerably below the expenmen-
tal band gap of bulk crysiathne Bil, at 2.1 eV [22].
States 13 through 20 are. however. considerably blue-
shifted relative 10 this band gap. This may be attnb-
uted to quantum confinement effects. as suggested
by recent Pbl, ciuster studies [8.23]. A total of 63
single electron transitions among 190 possibie tran-
sitions among the low-iving tniplet states were ex-
amuned. Fig. 2 shows that these transitions peak at
0.3.2.9 and 3.7 eV. The higher-lving peaks are blue-
shifted by 0.8 and 1.6 eV with respect to the energy
band gap of the bulk crvsial. On the other hand. the
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Table 3

Electronic states of Bi 137 (eV)

State No. Term symbol MO coafiguration *’ AE (equil.) ®
10a,, la,, 108, 13e, l4e, l4e, Sa,. 4y,

{ ’E, 2 0 0 4 1 0

2 A 2 0 0 4 2 0.

3 A An E O 2 0 0 4 1 [ X

4 ’E, 2 1 0 4 I 6}

5 A PAx B Y 2 0 0 4 0 S

6 E, 2 0 0 4 0 8 Ry

7 %, 2 0 ! 4 I .

8 A 2 1 0 4 0 [ SRS o .

9 %, 2 0 0 4 1 0 0 1 0.95
10 Ay 2 0 0 4 0 0 1 1 1.20
ne ‘Asg 2 0 0 4 0 0 2 0 1.28
12 Ay 2 0 1 4 0 0 1 0 1.35
13 e i 0 0 4 2 0 1 0 2.67
14 X, | 0 0 4 3 ] ] 0 2.87
15 'k, 1 0 0 4 2 | 0 0 2.93
16 A 1 0 0 4 2 0 1 0 3.09
17 A 1 0 0 4 2 ! 0 0 3.39
i8 A YAs, ’EL© 2 0 0 3 0 3 0 ] 3.61
19 A 1 0 0 4 2 1 0 0 3.81
20 . 1 0 0 4 2 0 1 0 3.99

*' Occupations of the outermost MOs are shown.

) See text and table 2.

! Average of thees triplet tates. ¢’ Lowest-lying closed-shell singlet siate found.

ee 10 tWO or more electron excitations
Wy and at lower energies (approximately
. ).
Chup J-atom values appearing in tabie 4 in-
#¥he predominant interiayer interactions
occur betnea the atoms comprising the Bi hexagon
and the m I triangile (BiB and ID in fig. 1) for
the lowest energy state of Bil}; at both geometnes
treated. This was also observed for the other fifteen
eiectron configurations of Bis13; listed in table 3.
No differences were seen beiween charge/atom vai-

Tabie 4
Popuiation analysis for ihe lowest energy siates of Bi 1y *

Atom ' Charge/atom ©’ Charge/atom ©’
{equil.) (expanded Z)
B 0.89 0.67
1A -0.26 -0.18
IC ~-029 -0.32
ID -0.67 -0.51
*' Ref. [21]. ™' Seefig. |. © Electron unis.

as

Trsasions
Bl muitipie slectron
a singis eslectron

N

(1]

m

]

e

r

-0

B0 - ~—rDM o

[} 1.0 2.0 3.0 40
Teangition Energy teV)

Fig. 2. Distnbution of transition enerpes of Big13; . The arrow

marks the position of the buik band gap.
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ues for the ground state and the corresponding val-
ues for siates 2 through 12 at the equilibrium ge-
ometry. indicating that the electronic transitions are
predominantly intralayer in nature and occur among
svmmetry related atoms. A more detailed analysis of
the Mulliken populations revealed that these elec-
tron excitations correspond to metal-metal transi-
tions. Differences in charge/atom values between
states |13 through 20 of Big1Z; shown in table 3 (also
relative 10 the equilibrium geometry) and those of
the ground state are as large as 0.07. which compares
10 0.02 for states 2~12. In these cases. the transitions
involve both Bi and | atoms.

We expect that a less restricted geometry optimi-
zauon, L.e. one wnere tne Bi and | lavers are opu-
mized independently. will lead to a cluster having
even shorter metal-metal separations. Such was the
case for Pb,137, a lavered semiconductor very sim-
ilar to Bil,. Calculations on this representative frag-
ment of the bulk Pbl. crysial indicate a 10% reduc-
tion in metal-metal separations reiative to crystalline
Pbl.. while 1-1 distances essentially remained at the
bulk laitice constants {23].

Our findings regarding the reduction of in-plane
lattice constants when interlayer distances are ex-
panded from their equilibrium values aid the un-
derstanding of recent scanning tunneling microscope
(STM) images of layered Bil, clusters {12]. In that
study. atomically resolved images showed structures
having honeycombed symmetry after colloidal sus-
pensions of Bil, were evaporated onto graphite sur-
faces. Since the central bismuth plane in Bil; has ho-
nevcombed symmetry (in contrast to the hexagonal
symmetry of the 10dine pianes ). the STM images are
most hikely individual bismuth atoms. Interestingly,
the latuce constant of these putative Bi)olyo clusters
was measured to be 0.65 nm. roughly 20% smaller
than the bulk in-pilane lattice constant. which 1s con-
sistent with the present calculanions. Hence. these
STM 1mages could be revealing clusters whose top-
most layer of iodine has been removed or displaced
trom us underlying bismuth plane. Chemical oxi-
dation or cluster-tip interactions could be among the
phenomena responsible for these large perturbations.
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ABSTRACT

Cesium, hydrogen and oxygen adsorption on beryllium.gl ; i udied using
restricted Hartree-Fock (RHF) calculations and ab initio relativige: #tfective core
potentials. The clusters are taken as cylindrical plugs from Be wafers. Cs-, H- and
O-to-substrate internuclear distances are optimized. For each system numerous
low-lying electronic states are investigated, and the Mulliken electron populations
are analyzed. The calculations are carried out in the context of an experimental
study to determine the effects of various adsorbates on the work function of the
Substrate. Auger electron spectroscopy and experimental work function measurements
indicate that H, does not adsorb on polycrystalline Be, while photoemission and thick
Cs overlayer measurements show a 2.3 eV lowering in the work function of Be metal
upon Cs adsorption. The continuous oxidation of Cs has Dbeen studied using
ultraviolet photoelectron spectroscopy and electron spectroscopy by deexcitation of
metastable noble gas atoms. Results indicate that the work function of Cs is lowered
upon exposure of the surface to small doses of oxygen. RHF calculations show that a
19 atom Be cluster, with three layers of atoms, is too small to adequately model the
Be surface, while the 33 atom cluster, a five~-layered system, and the 45 atom
cluster, a_sempa-layered system, are more accurate representations of the bulk metal.
The emjtteqd Yehectron is clearly seen as vacating a molecular orbital which is
localizgvhgiﬁglg surface layer of the cluster, thereby giving further credence to the
model. & F g -

R

P 1. INTRODUCTION

Adsorption of cesium on a metal surface lowers the work function of that metal
by amounts generally in the neighborhood of two electron volts(l]. In addition, the
work function of cesium itself is depressed by about 0.5 eV upon selective exposure
to O. to form Cs, ,O, [2]. In particular, the reduction in the work function of
beryllium arising from cesium adsorption has been the focus of recent studies(3].
Cesium, hydrogen and oxygen adsorption on a beryllium surface are studied here using
ab 1initio quantum mechanical procedures. Such theoretical studies of the adsorption
process yield detailed information about the metal surface which is neither
straightforwardly nor accurately obtained from experimental data. For example,
charge distributions and orbital structure result from ab initio calculations. Many
such studies have used clusters as models of the surface{4-7). A good model of
adsorption processes, however, requires the use of clusters large enough to
accurately describe the surface interactions as well as those involving substrate,
while remaining small enough for application of accurate theoretical methods.

In this study, the model systems are defined as cylindrical "plugs" from Be
wafers having surfaces corresponding to the (0001) hcp metal faces. A view of this
wafer along the c-direction is illustrated in Figure 1. All cylinders of a given
radius which may be formed from a wafer of a given thickness are defined in Table 1.

Three such cylinders are treated here. The first has a thickness of three layers
and 1is comprised of 19 Be atoms; the second is five layers thick and contains 33 Be

*procgedings of the SPIE QOE/LASE '8 Conference on Microwave and Particle Beam Sources
and Mrecfed tnercy Concepts, January 16-20, 1989, Los Angeles, CA.




Figure 1. A view of Bulk Be metal along the c direction. Nuclei are
situated at the apices of the hexagons, as well as at their cernters.
Lavers represented by dashes lie at ¢/2 on the ¢ axis (see Table 1).

Table 1. Be Clusters by Coordination Cylinder and hcp Layer

Cylinder
p Height R, R, R,=a R,
‘"  (z=co00rd.) - ‘4 < -
wc/2
3¢/2 0 3 3 6
o 1 1 1 1 77 T 7
c/2 0 0 0O 3 3 3 3 3 6 6 6
0 1 1 1 1 1 1 1 1 7 Y ) P B |
-c/2 0 0 0 3 3 3 3 3 3 6 6 6
-C 1 1 1 1 7 7 7 7
-3¢c/2 0 3 3 6
~wc/2

No. Atoms 1 1 3 3 1 7 9 15 7 132731 7 19 33 45

atoms, while the third contains 45 atoms and seven layers. All three cylinders have
a radius R, which includes a one unit cell step along the a-direction. Be-Be
internuclear distances are taken as the same as the bulk hcp metal (a=2.294,
c=3.584) {8). The resulting cylinders have D, point-group symmetry, and the

~ -




adsorption of atomic hydrogen, one on the top surface and one on the bottom surface
of all three cylinders, is modeled such that the three-fold symmetry is preserved.
The same applies to the adsorption of atomic cesium and oxygen. The Be-adsorbate
internuclear distances are optimized in self-consistent field (SCF) calculations.
The 19~ and 33-atom cesiated and hydrogenated cylinders are shown in Figures 2 and 3.

Be, g4y A=Cs,H Figure 3. Be,,4., X=Cs.H

The 4S~&tom cylinder 1is not shown, but it is similar to the one pictured in
Figure 3, except that it contains seven layers instead of five, with the two surface
layers identical to the surface layers of the 19 atom cluster (Figure 2). Finally,
the simultaneous interaction of oxygen atoms and hydrogen atoms and a cesium
overlayer are modelled by the addition of either H or O t2 the top and bottom layers
ot Be,. between "capping” Cs atoms. That is, CsHBe, HCs cr CsOBe,.CCs (see Figure
2). aesults obtained using these systems are ébmpated to thQSe calculated by

treating identical bare and cesiated Be cylinders.

Calculations were accomplished on a Cray X-MP supercomputer using point-group
symmetry optimized programs based on the "equal contribution theorem" for
two-electron  integralsi(9). Ab initioc restricted closed-shell and restricted
open-shell Hartree-Fock calculations, each corresponding to an average energy of
configuration, were carried out on numerous low-lying states of each cluster. (The
average energy of configuration is defined as the weighted mean of the energies of
all the multiplets for the designated configuration.) The largest clusters required
about two to three hours of Cray X-MP time for each geometric ogientation. The
following basis sets of contracted Gaussian-type functions were used for beryllium,
cesium, hydrogen, and oxygen, respectively: (3s2p)/<2slp>[10]), (585p)/<3s2p>[11],
(4s1p) /<231p>(12]), and (4s4p)/<2s2p>{13]. Ab initio effective potentials (EP)[14)
were used to represent the 1s core electrons in Be[l0] and O[13], and the 1ls-4s,




2p-4p, and 3d-4d core electrons in Cs(11]. Relativistic effects, especially
important for Cs, were incorporated into the EP’s(14]. Cluster binding energies
calculated relative to the completely dissociated clusters are given in Table 2.
Total adsorption energies given for the cesiated and hydrogenated clusters were
calculated relative to the SCF energies of the naked clusters plus that of two
adsorbate atoms. For O and H plus Be45Csz, energies are relative to this cluster.

Table 2. Restricted Hartree-Fock Energies of Be,

Occupied M0"s°

Cluster al' ‘2' az' e’ e" a1'
Be,y ' © « 1 34 2 0 325.25
(Be, ) 4 0 3.4 2 0 394.70

Be. 405 6§ 1 S5 3 0 402.99 38.87
(Be,oCs,)® 6 1 55 3 0 405.37
e, #1413 4 2 1 393.76 34.25
1Be 4,1 4§ 1 34 2 0 579.66
Be 6§ 1 5 6 4 1 724.94
(Beyy) L6 1 5 6 4 1 815.76
se?,Cs,?"flﬁfgp 1717 6 1 768.46 21.76
(Be,,7 Qg;* E%i R Y 779.74
se, 4,00 f T 1 s 6 1 727.32 1.19
e, i)™ 7 1 s 6 4 1 818.70
Be, 9 8 2 1.8 6 2 1078.74
(Be o) 8 2 1 1 6 2 1196.77
Be, 5.0 10 2 9 9 T 2 1108.95 15.11
(Be,Cs.) 0 100 2 99 1 2 1151.78
Be, H.07 g 2 7.8 6 2 1115.07 18.16
[BeyHal" 8§ 2 1.8 6 2 1228.41

Be, 0,5, 12 2 11 9 8 2 1214.17 52.61%
[Be So.vs ] 2 10 9 8 2 1263.78
[Be ysH,Cs ]b 11 2 108 1 2 1058.49 -50.46
(Be HaCs.] ™D 2 108 71 2 1090.06




Table 2. (continued)

a

bUnderline denotes orbital from which the electron was removed.

State corresponds to the weighted average of configuration.
dOpen-shell state: (a,’)!(a,")!

oopen-shell state: (a.’)!(a,")!

fOpen-shell state: (eh)?

Open-shell state: (a,’)!(a.")! & ate
EOPen-shell state: (a,’)!(e’) S el
iOpen-shell state: (e’):

.Open-shell state: (a,’)!(E’)?
open-shell state: (a,’)!(a,")!
Adsorption energy of O on Cs-coated Be45

Calculated work functions are reported in Table 3. The first values in each row
were obtained as the difference between the total valence SCF energy of a neutral
cluster and that of the ion generated by removing one electron from the highest
occupied orbital of that cluster. The values immediately following are due to
Koopmans’ theorem and correspond to the negative of the energy of the molecular
orbital (MO) from which the electron was ionized. Experimental values are also
shown. -

Table 3. Work Functions of Bem and Bmxz Clusters

. Cluster o(ev)?

i Be 5735,5.04

1 Be, oCs., 3.41,2.99
Be19H2 4.30,3.986
Be33 4.41,4.11
Be33Cs2 2.92,2.60
Be33H2 4.37,4.09
Be45 3.16,2.94
Be45Cs2 2.40,2.18
Be45H2 3.40,3.15
Be4502Cs2 1.97,1.89
Be45H2Cs2 2.96,2.67
Be (expt.) 3.92
BeCs (expt.)b 1.6

BeH (expt.) 3.92
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Table 3. (continued)

a®(Be, g-Be, (Cs,]° 1.94,2.05
AO[Be19-8e19H2]C 1.05,1.08
Ao[se33-ae33Cs21° 1.49,1.51
A®([Bey,-Be, H,]C 0.05,0.01
a®(Be, -Be, Cs,]® 0.76,0.76
a0(Be , -Be, H, " -0.24,-0.21
A®[Be,Cs,=Be, 0,Cs,]° 0.43,0.29
a0(Be,Cs,-Be, H,Cs,]"  =0.56,-0.49
AO[Be-BeCs]cexpt' 2.3
AO[Be-BeH]éxpt. 0

3Where two values appear, these are Koopmans'’
bthcorem and AE(SCF) values, respectively.

At optimum Cs coverage.

Values correspond to a work function

lowering.
dValues correspond to a work function increase.

v 3
w N

. wRT
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omic net electron charge values are given in Tables 4, 5, 6 and 7, as
calcufated using a Mulliken population analysis{15]). Values cf R appearing in these
tables correspond to optimum atom-to-surface distances. These distances were
calculated from the minimum of a <zcurve fit to> SCF enerqies for three or more
distances.

Table 4. Electron Populations of 5919' Be19Cs: and Belgl-l2

Cluster [Cluster]+ Total
a Atom No. b Net Charge Net Charge Net Charge Difference
Cluster Z-coord™ Label Atoms  per Atom per Atom {{Cluster] - Cluster)
Be19 0 BeO 1 1.43 1.41 -0.02
c/e BeA 6 ~0.08 -0.0" 0.06
c/2 BeC 6 -0.0¢° 0.00 0.54
0 BeB 6 -0.07 0.00 0.42
Bey4Cs- 0 BeO 1 1.36 1.38 -0.01
< el BeA 6 -0.0% -0.07 -0.12
c/e BeC 6 -0.17 -0.11 0.37
0. BeB 6 -0.14 -0.07 0.43
R” Cs Z 0.39 0.5% 0.33




Table 4. (continued)

Be, gH, 0 BeO 1 1.38 1.33 =0.05
e c/2 BeA 6 -0.16 -0.15 0.06
c/2 BeC 6 -0.06 0.07 0.78
0:1 BeB 6 -0.02 0.01 0.18
R H 2 0.04 0.05
Ty g
F-=3.584 ;
o)
“tio. of symmetry equivalent atoms.
“2=3.704 £or Be plane t= Cs distance. (Be to Cs distance is 3.93 A.)
N Pe plane n: # 4istance. (Be t= H distance is 1.57 &.)
Table €. Zlectron Fopulations cf Be33, Be33Cs2 and Be33H2
Tluster [Cluster]+ Total
a Atom Na. Net Tharge Net Charge Net Charge Difference
Cluster Il-7o7ord” Label  Atoms™ per Atom per Atom  ([Cluster] -~ Cluster)
T2, 0 8eQ 1 0.96 0.97 0.01
B ~re BeA 8 0.85 0.%3 -0.14
-2 Bal - -n.1a -n.07 n.14
L ZoB - =003 -0.232 n.21
.- SaH 2 -1.1% -n0.19 n.83
p ZeD - ARy 2.14 -0.11
N ‘ 3e0 A 0.%4 7.93 -0.01
T 2.2 3eA " J.87 2.92 -0.28
T2 BeC 6 -9.12 -0.07 0.27
A BeB 3 -0.34 -0.33 0.09
o BeH 12 -0.2 -0.22 0.67
b BeD z N.44 0.40 -0.08
7 s N 0.46 7.60 n.29
Bo, H. 7 BeO 1 1.00 1.00 0.00
o2 BeA 6 0.45 0.44 -n.12
bl BeC 6 -0.06 -N.04 N.1:
N BeB 6 -0.30 -0.26 0.24
o BeH 12 -n.23 -N.16 0.84
4 BeD 2 0.87 0.82 -0.10
R H 2 -0.24 -0.23 -0.02
oo=1.584
“No. of symmetry equivalent atoms
“R=3.77A for Be to Cs distance.
“P=1.58A for Be to H distance at local minimum (see text).




~luster Z-coord?® Label

Atoms~ per Atom

Table 6. Electron Populations of Be,g and Be45H2
) Cluster [Cluster]+ Total
Atom No. b Net Charge Net Charge Net Charge Difference

per

+

Atom  ({Cluster}. .= Cluster)

Be,. 0 BeO 1 1.00 1.00 ’
c/2 BeA 6 0.a2 0.41 ’
c/2 BeC 6 -0.18 -0.16 o
0 BeB 6 -0.34 -0.30 - 4
c BeH 12 -0.18 ~0.17 0.12
o BeD < 1.36 1.34 -0.04
22/2 BeF s -0.14 -0.14 0.00
/2 BeG 8 -0.02 0.08 0.60
8e,.%s. 0 BeO 1 0.97 0.97 n.00
-V BeA 6 0.46 0.45 -0.06
/2 BeC 6 -0.19 -0.17 0.12
0 BeB 6 -0.37 -0.34 0.18
z BeH 12 -0.23 -0.21 0.24
= BeD 2 1.22 1.21 -0.02
/2 BeF 6 -0.06 -0.09 -0.18
/2 BeG 6 -0.05 0.00 0.30
R™ s 2 0.29 0.51 0.44
g
Be  H, Vﬁiﬁf BeO 1 0.99 0.98 -0.01
R -7 ReA 3 0.43 0.41 -0.12
e BeC 5 -).14 -0.12 n.12
# Y. BeB 6 -0.36 -0.32 n.24
ek BeH e -0.14 -0.13 0.12
- 8eD : 1.32 1.30 -0.04
3e/2 BeF 6 -0.18 -0.18 0.00
/g BeG 6 -0.06 0.04 0.60
R H 2 0.01 0.01 0.00
BREEREY:}

No. =f symmetry equivalent atoms

distance 1s 1.58A.

R=3.70A for Be plane to Cs distance.

{Be tc Cs distance is 3.%3 E.)

R=0.86A for Be plane to H distance at local minimum (see text). Be t: H




. — -

Table 7. Electron Populations of Be4502Cs2 and Be45H2Cs2

Cluster [Cluster]+ Total
a Atom No. b Net Charge Net Charge Net Charge Difference
Z“luster Z-coord™ Label Atoms per Atom per Atom ([C;qa;q;] - Cluster)

BeJRC-Cs. 0 BeO 1 1.01 1.02 :
MY ] BeA 6 0.48 0.48
c/2 BeC 6 -0.19 -0.18
0 BeB 6 -0.36 -0.35 S b ‘
z BeH 12 -0.22 -0.21 0.12
: BeD b 1.15 1.14 -0.02
in:2 BeF A 0.18 0.16 -0.12
icrd BeG 6 -0.02 -0.03 ~-0.06
R'd ) 2 -0.98 -1.00 -0.04
c! Cs 2 0.34 0.86 1.04
Be (H.Cs. n BeO 1 0.96 0.93 -0.03
Tt T 22 BeA ) 0.51 0.49 -0.12
zr2 BeC 6 -0.1¢ -0.12 0.18
9 BeB L -0.33 -0.31 0.12
BeH 12 -0.26 -0.24 0.24
BeD 2 1.10 1.09 -0.02
BeF b -0.01 -0.04 -0.18
BaG 6 0.02 0.05 0.18
H 2 -0.16 -0.15 0.02
Cs z n.04 n.33 n.S8
Tl f zymmetry equivalent atoms
'#=1.%0A for Be plane to O distance. (Be to O distance is 2.0A.)
‘R'=31.1A for 0 to Cs distance.

P=0.3¢A f-r Be plane tz H distance. (Be to H distance is 1.58A.)

=2.ZA for H to Cs distance.

2. RESULTS AND DISCUSSICN

RHF calculations predict a net energy gain of 18.Z and 1.2 kcal/mole-atom upon

hydrogen approach to the Be and Be,, surfaces, respectively. The approach of
hydrogen on the Be,. surface, on the other hand, results in an energy gain of 24.3
kcal/mole-atom. Ce&?um adsorption on the Be,, and Be., surfaces leads to energy
Jains of 28.9 kcal/mole-atom and 21.8 kcal/mole-a%gm, respectively. Therefore, while

cesium 1is predicted to adsorb on both Be,, and Be,, (i.e. at a hole and at a head-on
site), at the SCF level of theory, hydr&&en adsorbs strongly on Be,, and appears to
adscrb moderately on Be,. {i.e., at a hole site) but only negligibig on Be,, (1.e.,
it a head-cn site).




Table 3 contains calculated values for the ionization potentials of all the
clusters studied, as well as values for the shift in ionization potential (49)
resulting from Cs ~r H adsorption. Experimentally determined values of the work
functions due to Cs or H. adsorption on Be metal are also included(3].

Results for the 45 atom system indicate a slight rise by 0.2 eV in the ionization
potential of the cluster due to H adsorption, while results for the Be,, system
indicate a lowering by 1.5 eV in the ionization potential of tha;%éﬂdte: due to Cs
adsorption, and no lowering due to H adsorption. The experimental ¥indings are 2.3
eV and 0.0 eV lowering in the work function of Be metal due to ads ion of Cs and
2f H., respectively. Adsorption of Cs and of H on Be 9,“',43,_:/,:":, results in
ionization potential lowerings of approximatley 2.0 eV and®1.0 eV, respectively.
Although the first value is in close agreement with experiment, the second is not.

These discrepancies are explained by referring to the electron populations listed
n Tables 4 and ©. Total net charge differences, in the case of Be,,, indicate
rarticipation  in charge redistributicn by both the surface (BeC, z-coo}8.=c/2) and
middle (BeB, :z-cccrd.=9) layers upon ionization of the cluster. In Be19, ionization
f +the <=luster results in a contributicn of 0.4 electron from Be atom8” (BeB) in the
middle laver <compared to 0.5 electron for Be atoms on the surface. Thus, the middle
and =zurface layers -f the <cluster are involved almost equally in the electron
L7Nn1taticn  process. For Be 9qu, both the surface (BeC) and middle (BeB) layers
itntribute 0.4 2lectron, whil% Cs“donates 0.3 electron. Since electron emission 1is
from  the surface 2f the btulk metal, it is concluded that Be19 1s too smali a cluster
t2> model the Be metal surface involved in Cs adscrption.

7n the other hand, the middle layer of Be, H, contributes 0.. electron, with the
surtace layers (BeC) being predominantly in%glﬁed in ionization. H donates only a
minimal amount (0.0. electron) of charge. Part of the charge contributed by the
middl2 - iBeB) laver 15 shifted toward the BeC group cf atoms in Be,  H. Since the
ire3test charge perturbation 2ccurs on the surface, this model at firét Sppears to be
idequate for the description of H adscorption. However, further analvsis reveals that
*his g not =-he z:3ase, As was stated previously, the middle layer (BeB) of Be,,
rarti-ipates appreciapiv (donating ~.4 =2lectron) in the Ilcnization process;
indicating that this cluster does not reasonably model the bulk surface. Adsorptior
cf Ts or H onto this surface, therefore, yields informaticn about the interaction of
~hese +-wo species with a finite 19 atom Be cluster, but this informaticn cannot be
interpreted 3s also applying to the process whereby a Cs or H atom adsorbs onto the
bulk 2e surface. Zuch an extension may be made only in cases where the bare cluster
15 a g2cd model ~f the bulk metal.

Be. , a five-layer cluster, and Be,., a seven-layer cluster, appear to model the
Be metal surface more appropriately. Iégizatlon cf these clusters indicates that the
surface layers (BeH fzr Be,, and BeG for Be,. ) dconate the emitted electron. Although
the middle layers also contribute, the inviIvement -f the surface lavers 1s three to
four times as great. The adsorption process, then, 1s represented more reasonably by
using Be.. or Be e clusters rather than Be,y “2 model the metal surface.

Table 6 shows that the surface (BeG, z-coord.=3c/2) layers of Be,. and Be,cH,
are most affected during the ionization precess. Although the inner layérs of Be,:H;
are alsc involved in ionization, their contribution is minimal compared to the chQEgg
donated by the surface (BeG) layers (0.2 electren vs 0.6). AS with the Be,, systems,
some of the contributed charge 1s shifted toward several groups of atoms }g the Be
clusters: for example, BeA (z-coord.=c/2). However, the largest percentage of tﬂg
charge 1nvelved in ionization is donated by the BeG atoms in the surface layer. It
1s alsc noted that the net charge differences for Be45H2 are nearly identical to




rhose for Be45, the cnly difference being 0.06 for the BeA layer. The approach cof H
t> the Be,. ~“surface does not affect the ionization process. The same conlusion is
reached froé‘an analysis of the electron populations of Be,, and Be,,H., which appear
in Table ©.

The values of A® appearing in Table 3 ar- another indication that H has no effect
cn the Be,, and Be,. surfaces. The greatest shift in ionization potential occurs for
the latter surface gnd is 0.2. Ao for Be,, is practically zerp fore, H is not
rredicted to chemisorb on the Be surface and, in fact, clearl Bt in the case

~f the head-on approach, as modelled by Be,, (the gl is 1
kcal/mol-atom) . Adsorption of H on Be,., as shown in Table- pwored by 18.2
kcal/mol-atom. The optimum H—to-Be-plgae distance is 0.§ - corresponding

values for adsorption cnto a Be g cluster reported by Bagus et al. are 42.3 kcal/mol
for the adsorption =2nergy ané 0.95A for the distance from H to the surface. The
adsorption energy 2f H on Be ., although greater (18 kcal/mol-atom), is attributed to

l>zal minimum Aduye *7° ségte ~rossing and is akin to physisorpticn since both the
cpulatisn  analysis and 30 values :ndicate no effect on the Be,. surface due to
isorption of atomic hydrogen. -

[VYRRL & BNV

Hvdrogen approaches the Be.. surface above a Be atom (directly overhead site) in
~he present calculaticns. There 2are three cther possible sites for adsorption.
These are the Be=-Be midpoint, eclipsed and open sites. The adsorbate approaches the
fe  :urface directly bhetween two Be atoms located on the surface in the first case.
The zecond  involves adsorption cver 3 triangle of Be atoms located cn the surface,
the center ~f which 1s directly above a Be atom situated in a layer next to the

surtacs  (which 1s the case for Be,.). The open site has the adsorbate approaching
"he Be surface directly above the center »f a triangle of Be atoms lccated on the
surrace. However, in this case, there 1s no Be atom directly below. According to a

study bty Bagqus et al., based on SCF calculations using clusters containing two to
*hree fayers. “he directly nverhead site 1s the least stable for the adsorption of H

at: :> Be aurfacefi?]. Be. 1s 3 five-layer <luster and thus should yield a

t=ascnafgle value for the adscrpticn =nergy associated with the directly overhead
iepr-2th :f an atom o the surface, while adsorption on  an eclipsed site 1is
1jequataly modeled bv the seven-laver Be cwlinder.

(2l

It 1s ~lear that the surface lavers (BeH) cf Be,,Cs. are predcminantly involved
0 =lectrzsn removal. These layers contribute 0.7 electron, whereas the greatest
tharge ~ontributed bty *the inner layers is 0.3 (see Tahle 5). The tctal net charge
ii1fferences 2f Be,,Cs. 4differ from those cf Be,,, indicating that Cs, unlike H, is
affecting =olectron removal. In fact, Ts donates 0.3 electron to this process. The
effects ~f charge redistribution resulting from ionization are greater f-r the inner
layers irelative to the surface layers) of Be,,Cs. than for those of Be,,H.. The BeC
grour f atoms contribute 0.3 electron, while the BeA atoms accept (.3 electron in
Be. .75 . The sum cf these amounts sti1ll corresponds to less tiaan half cf the charge
contributed by the surface layers. In Be. H , the greatest contributizn by the inner
layers 1is approximately one fourth of the charge contributed by the surface. The
surface layers of Be,.Cs. are also predominantly inveolved in the isnizati~n process.
However, the atoms 1in th& inner layers, particularly those con the outer edges of the
cylinder, are involved significantly (<ee Table €). 1In this case, as cpposec to
Be,,, the <cesium 1interacts more closely with the Be surface, thus making edge
ef%écts more apparent. In the hvdrocenated case, these eéae effects were not present
since H 15 much smaller than Cesium (0.5 ws, 1.67 for the ionic radius of H and Cs,
respectively) . The small but non-negligible contribution of the inner layers of
Be..Cs. and Be,.Cs, to the ionizaticn process indicates that the dis~repency between
the calculated “and measured workfunction lowering (Table 3) may be improved by
"reating a cluster corresponding to a model based on cylinders having the same height




is Be,, or Be but a greater radius (see Table 1 and Figure 1). 1In addition to
-mprovements in -A¢, adsorption of Cs on an eclipsed site is predicted toc be more
stable, providing that the cluster model has a surface large enough to minimize the
edge effects. Unlike the head-on site, this position allows the Cs to interact more
closely with the surface triangles of Be since there is no center atom present.

Both oxygenation and cesiation of Be results 1in a greater work function
lowering than does cesiation alone, while hydﬁégenation of Be,.Cs, results in a work
function increase (see Table 3). The electron population gnaiyahl for Be OZCs

indicates that the emmitted electron is predominantly vacatigg a cesbam orbitﬂi. I
Be, H.Cs., however, the Be cylinder is more invovlied 1in ioni:aeion, donating
apé?oﬁimétely 40% of the emitted charge (see Table 7). o

Experimentally ©Cs adsorption on Be results in work a function lowering of 2.3
2V, whereas exposure of a Be surface to H. yielded no observable change(3]. That is,
he R2e substrate Auger signal was not attenuated in the case of H. and there was no
1:szernable work function shift.

3. CONCLUSIONS

Analysis cof the Mulliken populations for Be,, indicates that this cluster is too
small to model the bulk surface. However, the %gpulation analyses for Be,, and Be,

:nq17ate +that these ~lusters are adequate models of the Be metal surface involved 13
hvdrcgen adsorption. A wider cylinder is needed for the adequate modelling of cesium

3dsorpticn. The adsorpticon energy of Cs on the Be,, cluster is 21.8 kcal/mol-atom.
The decrease in the ionization potential of Be,,Cs. relative to Be,, is calculated to
ke 1.5 aV. The experimental work function lowering resulting from Cs adsorption is
measured as 2.3 eV.[3) The adsorption energies cf H on Be,, and Be g are 1 and 18
kzal/mecl-atom, respectively. The first wvalue is negligible, whilé the latter is
attributed to a local minimum since the population analysis and A® values for both
Be and Be, . indizate no effect on these clusters due to H adscrption. Experiment

ravaals n2 adddrpticon ~f H <n Be metal, thus ruling cut dissociative chemisorption.
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Layered anisotropic semicoaductor clusters of the type Pb.lz.: mmd-lmdudoumu-

Fock calculations that include relativistic effects. Total energies, internuclear &
atomic charges are calculated. Large increases in the equilibrium iodine-lead
nuhmumuchunlo&udwmonhem-phnemwmudurmmﬂ
electromic spectra, which are attributed to quantum size effects observed in recest i

studies.

The properties of clusters are attracting increased at-
tention because they represent an intermediate physical
regime where neither atotmc nor solid-state descriptions
seem totally adequate.! ~* Besides interest in fundamen-
tal questions such as how electronic structure evoives as a
function of size, there is aiso the possibility of using
finite-size effects to create new materials having unique
clectronic and optical properties.“* In modern semicon-
ductor research, for example, it is commonpiace to fabri-
cate structures whose physical dimensions are consider-
ably smalier than carrier waveleagths, which leads to
physical phenomena that cannot be obeserved in bulk
matter.® Clusters comtaining from about 10 to 1000
atoms are particulagly aoteworthy because their proper-
ties set the $ limits on the use of physical size to
alter the behavior &4

Many inselts techmqua are aow avnlablc to
synthesizs chespors both in gas and condensed phases,” 2
but as yé& thete is no generally available experimental
procedure to determine the structure and spectra of the
clusters produced. . Hence, theoretical insight into cluster
structure as a fusction of cluster size takes on a2 major
role. The computational difficulty inherent in treating
large systems comprised of heavy ciements, however, has
precluded rigorous ab initio studies on such clusters. Up
to now, theoretical treatments on systems of this type have
largely neglected relativistic effects, as well as certain ex-
change interactions among electrons.'’ Consequently, the
majority of ab initio work in semiconductor systems has
appeared on small clusters of light elements such as sil-
icon.'*!* In such strongly covalent systems, it is found
that small isolated clusters tend to reconstruct and to form
tightly bound symmetrical structures with a high degree
of coordination. Moreover, this tendency to minimize the
number of exposed dangling bonds has the consequence
that the bulk silicon structure is recovered only for very
large clusters.

In this Rapid Communication, we report the results of
rigorous ab initio quantum-mechanical calculations on
semiconductor clusters containing as many as 21 heavy
atoms. All of the theoretical resulits presented here were
calculated using fully ab initio procedures: that is, no ex-
penimental parameters were used and all of the terms in

4

cier 4

the Hamiltonian were retained. Since no integrals were
approximated or disregarded, all Coulomb and exchange
interactions among electrons were explicitly evaluated for
cach cluster. Furthermore, relativistic effects, which are
significant in these heavy-element systems. '® were also in-
cluded in the calculations.

The structures of the layered semiconductors investigat-
ed here exhibit a radically different dependence on cluster
size than do those of isotropic silicon. Unlike clusters of
Si, layered semiconductors of the type Pb,I;, essentially
retain the structure of the bulk crystalline lattice in the la-
teral direction for the range of geometries studied. We
find, however, that there can be significant electronic cou-
pling between interlayer perturbations and intralayer lat-
tice constants in these clusters. Indeed, for very large in-
creases in the Pb-I interlayer spacings, we see in-plane lat-
tice constants decrease by as much as 20%. With these re-
sults, it might be possible to explain recent compeiling
scanning tunneling images of structurally related Bil,
clusters. !’

Two cluster models are studied, one of Pbgl;; and two
of Pbsl,4 stoichiometry. These are shown in Fig. 1. Each
has the layer symmetry of the bulk crystal and is com-
prised of a plane of lead atoms above which are situated
two triangular layers of iodine atoms. Pbgliz has D3,
point-group symmetry (hexagonal close packing), while
both Pbsl 4 clusters have D3, point-group symmetry (cu-
bic close packing). All three represent fragments of the
bulk crystalline solid (one unit cell thick) having iodine
layers slightly perturbed from the bulk arrangement to

preserve the symmetry of each cluster. Pb-Pb, I-I, and
lo
==
le
,
Pby
(8) Piiglyy (Dg) (0) POyl (D) (c) Pyl

FIG. 1. Pb,I; clusters (x=6.7).
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Pb-I internuciear distances were initially determined from
the lattice constants of crystalline Pbl,.'* All internuciear
distances were then optimized in ab initio Hartree-Fock
calculations, consistent with the vanation principie and
within the symmetry constraints. Self-consistent field
(SCF) energies for the lowest-lying molecular-orbital
clectron configurations were calculated for each geometric
orientation of the clusters. SCF calculations on heavy-
clement systems based on relativistic effective core poten-
tials (REP’s) have been shown to yield reliable geometric
parameters.'® In addition, this method yields fully opti-
mized molecular orbitals for cach electronic state treated,
in contrast to many standard methods based on band
theory. REP’s (Ref. 19) were used to represent the 1s-4s
2p-4p, and 3d-4d core electrons in I [Ref. 20(2)} and the
15-Ss. 2p-5p, 3d-5d. and 4f core electrons in Pb.2®
Relativistic effects cannot be ignored for systems contain-
ing heavy elements such as Pb and 1.'® Basis sets of con-
tracted Gaussian-type functions were used to represent
the valence orbitals of Pb and 1.2 Calculations were ac-
complished on a Cray X-MP supercomputer using pro-
grams based on the “‘equal contribution theorem” for
two-electron symmetry orbital integrals. 2! These ab initio
restricted closed-shell and restricted open-shell Hartree-
Fock linear combination of atomic-orbital-molecular-
orbital (LCAO-MO) calculations consumed approxi-
mately 20 min of Cray X-MP time for each nuclear
configuration. The geometry optimizations required a
minimum of ten orientations per cluster.

Energy-optimized interlayer and intralayer distances of
Pb¢l;, were found to be 11% expanded and 1% contracted,
respectively, relative to bulk Pbl,. This swollen interiayer
distance is not unexpected for a Pbgly; cluster having D3,
point-group symmetry because the electron-rich I atoms
of the top layer are arranged in “head-on” positions rela-
tive to those in the bottom layer. This is in contrast to
bulk Pbl,, where each iodine atom in a top layer is posi-
tioned directly above the midpoint between two iodine
atoms located in a bottom layer. This system tends to
contract laterally as the interlayer separations expand.
For example, expansion of the interlayer separation by
40% results in a 7% contraction in metai-layer lateral di-
mensions.

A total of five MO electron configurations were studied
for neutral Pbel;;. Four of these states were nearly degen-
erate and lay 1.6 eV higher in energy than the ground
state. The electronic excitations involved orbitals associ-
ated with both iodine and lead atoms. Furthermore, five
of the six lowest unoccupied MO’s (LUMO’s) for each
electron configuration have energies lower than —2.7 eV,
indicating that the neutral system is electron deficient.
This conclusion is supported by means of Koopmans’
theorem. *-

If the cluster wave function ¥(2N), a 2/¥-electron an-
usvmmetrized product of MO's {0}, is stationary and o
15 an etgenfuncuon of the Fock operator. then w(2V +1).
whereby an electron 1s added to ¢.,. is also stationary with
respect to anv further varations in the orbitals. This
means that the orbital energy €, corresponds 10 the elec-
tron affimty of the neutral system. providing that ¢ is
unoccupied Therefore. systems possessing verv low-iving
LUMO < are e:ectron deficient: i.e., the addition of one or

more clectrons to these orbitals will increase the overall
stability of the system.

To satisfy this eiectron deficiency, we studied a doubly
charged anionic Pbgl); cluster. We also believe that the
anion is the most natural cluster to consider from the ex-
perimental point of view since clusters of this type are
prepared in solution as colloidal particles in the presence
of excess iodide ions.>> The total energy of Pbgli?~ is
more than 6 eV lower than the corresponding ncutral
species. In this case, nearly all of the LUMO’s have ener-
gics greater than zero (~2.7 eV), indécating a quenching
of the system’s clectrophilicity. "~

A geometry optimization was“algo carried out for
Pbsl122~. The equilibrium interlayer and intralayer dis-
tances were found to be expanded by 14% and 1%, respec-
tively, relative to bulk Pbl,. This cluster is aiso slightly
swollen with respect to neutral Pbgl,,, but this is expected
due to the increased ionicity. As with the neutral cluster,
expansion of the interlayer separation results in a contrac-
tion of intralayer distances, although not as pronounced as
for the neutral system: that is, a 40% expansion in inter-
layer separation results in a2 3% contraction in laterai di-
mensions relative to the bulk crystal. As previously men-
tioned, results of SCF calculations on heavy-element sys-
tems have been shown to be reliabie, with the accuracy of
the method increasing as the number of electrons treated
explicitly increases.'® Therefore, SCF results for Pbg-
1:22”, a 110-valence-clectron system, are expected to be
reliable, and any structural differences between our mod-
els and those of bulk Pbl, are attributable to cluster
effects.

A total of ten low-lying electron configurations of the
cluster were studied at both the calcuiated equilibrium in-
teratomic distances and at a geometry corresponding to a
60% expansion in the interlayer distance and a 10% con-
traction in lateral dimensions. These percentages were
chosen from the results of a series of calculations at
geometries ranging from 30% contraction to 100% expan-
sion of the lattice constants in the vertical direction and
30% contraction to 20% expansion in the lateral direction.
All of the open-shell configurations were treated as pure
spin triplet states: i.c., the cluster wave functions are spin
cigenfunctions having total spin quantum number S=1.
Excitation energies relative to the lowest state found are
given in Table [, while Table Il reports electron
charge/atom values calculated based on a Mulliken popu-
lation analysis** for the lowest-lying state at each of the
aforementioned two geometries.

The energy separations for equilibrium Pbel,2° ™ listed
in Table I are cleariy bandlike. with the two lowest-lving
states nearly degenerate in energy and states 3 through 8
lying at or near the band gap of bulk crystalline Pbl; at
2.5 eV.% The last state corresponding to Pbgl,2” " listed
in Table I is considerably blueshifted relative to the band
gap of the bulk. The same type of energy separations
occur at an expanded interlaver distance. the only excep-
tion being for state 4, which has an energy value between
three essentiallv degenerate low-iying states and four
states grouped near the band gap of the bulk solid. A to-
tal of 45 electron transitions among the ten lowest-lving
states found were examined. The density of states shown
in Fig 2 indici.te< that these transitions are peaked at 0.2,
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TABLE 1. Electronic states of Pb, [3. clusters (eV).

AE AE
(Equil.)* (Expanded Z)*

Cluster State No.
Pbeli? ™" 1 0.00 0.00
2 0.03 0.14
3 2.14¢ 0.47
4 2.21 1.19¢
s 2.28 1.31
6 2.36 205
7 241 2.12
) 249 2.39
9 2.53 2.47
10 4.84 3.06
Pbsl3~ ¢ | 0.00 0.00
2 0.26 0.35
(five layers) 3 0.23 0.76
4 0.35 0.95
5 0.59 1.1
6 0.63 2.14
7 0.75 2.71
8 0.76 2.90
9 0.9% .29
10 1.01 349
11 1.26 3.99
Poylya?™ ¢ 1 0.00 0.00
2 0.68 1.71
(three layers) 3 1.54 1.99
4 1.80 2.39
5 1.83 3.17
;. e 219 429
SR | 2.39 4.67
;, B 3.27 415
y 9 13 SR
10 497 s
. =
See text. See Fig. 1(b).
*See Fig. 1 (a). *See Fig. 1(c).

‘Lowest-lying closed-sheli singiet state.

2.5.and 4.9 eV, with the second peak lying near the exper-
imental bulk band gap of Pbl, and the third blueshifted
relative to the band gap by 2.3 eV.

Charge/atom values appearing in Table I indicate that
the predominant interlayer interactions occur between the
atoms comprising the smaller Pb and 1 triangles [Pb, and
I« in Fig. 1(a)] for the lowest-energy state of Pbel;>" ~ at
both gzeometries treated. This is also the case for the other
eight-electron configurations of Pbel;»?~ listed in Table I.
with the exceprion of the highest-energy state (state 10).
Comparison between charge/atom vaiues for this state at
the equilibrium geometry and at an expanded interlayer
scparation shows that the interlayer interactions predom-
inantly involve both tvpes of Pb and I atoms {Fig. 1(a)].
No differences are seen between charge/atom valucs for
the ground state and tae corresponaing vaiues for each of
the higher-energy states (states 2-9 in Table 1) a: both
geometries treated. indicating that the electronic transi-
tions are predominantly intralayer and occur among
symmetry-related atoms. A more detailed analvsis of the
Mulliken populations reveais that these electron excita-

FIG. 2. Deasity of calculesi N ;-m The arrow
marks the position of tigs belk bamigiep.

tions correspond to metal-metal transitions. Differences
in charge/atom values between the highest-energy state of
Pbgl 22~ (state 10) listed in Table I and the ground state
are as high as 0.2 (compared to ~0.02 for states 2-9). In
this case, the transition involves both Pb and I atoms.

As noted above, two cluster orientations were studied
for Pbsly, [Figs. 1(b) and 1(c)]. Since the neutral system
was found to be electron deficient, analogous to Pbgl,;,
two electrons were added to the cluster. A geometry and
clectronic state optimization of the first {Fig. 1(b)} result-
ed in a 20% contraction and 10% expansion of interlayer
and intralayer distances, respectively, relative to bulk Pb-
I;. The lowest 11 states (the energy for each of which cor-
responds to the weighted mean of the energies of all the
pure spin multiplets for that particular electron
configuration) are nearly monotonically distributed for
the five-layered cluster, as shown in Tabie I. On the other
hand, bandlike behavior is observed when the interiayer
distances are expanded by 60% and lateral dimensions are
contracted by 10% relative to the buik crystal. Energy
gaps of 2.7 eV and higher may be attributed to quantum

TABLE I1. Population analysis for the lowest-energy states
gf Pb. L1, clusters (Ref. 22).

e
———

Charge/atom* Charge/atom*
Cluster Atom (Equil.) (Expanded 2)
Pbeliy? ™ Pb, 0.81 0.57
Pbc 0.69 0.67
fa -0.44 -0.33
Ic —=0.64 -=0.62
Pbalje2™ ¢ Pba 1.01 -0.29
(five lavers) Pby 0.80 0.55
la —0.41 -0.15
Ie -0.59 -0.51
o ~0.93 -0.53
Pbolye? ¢ Pbo 0.08 =0.49
(three layers) Pb, 0.80 0.67
la —0.53 —-0.45
Ie -0.53 -0.45
In -0.26 —0.05
*Electron units. ‘See Fig. 1(b).
°See Fig. 1(a) See Fig. t(c).
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size ecffects, which are responsible for blueshifts in the
spectrum. The predominant interlayer interactions occur
among the Pb layer, 1, and I, [Table II and Fig. 1(b)].
and a comparison of charge/atom values for the ground
state and the corresponding values for each of the excited
states at both geometries indicates that all of the transi-
tions invoive both Pb and I orbitals.

The second Pb1l)4 cluster studied, which contains three
layers [Fig. 1(c)], was also found to be electron deficient.
Consequently, a doubly charged anion was investigated.
Initial intralaver atomic distances for this cluster corre-
sponded to those in the bulk crystal, '8 although interlayer
atomic distances differed from those of the bulk due to the
positioning of the hexagonal layers. Upon optimization it
was found that the lowest-energy geometry of Pbyl;’~
corresponds to a 2.2% lateral contraction and a 38.7%
vertical expansion relative to the bulk lattice constants.
The cluster was also studied at a geometry corresponding
to a 60% vertical elongation and a 20% lateral contrac-
uon. These percentages were chosen from a series of cal-
culations analogous to those on Pbe¢li2?~. A total of ten
electron configurations were studied for the anion at both
the equilibrium geometry and at an expanded interlayer
separation. The energies of these states appear in Table |
(dashed lines indicate energies greater than 5 eV). As for
the five-layered cluster, the states correspond to the
weighted mean of all the multipiets for a particular elec-
tron configuration. Clearly, the system exhibits a band-
like behavior (Table 1). The first excited state at 0.68 eV
corresponds to a single electron transition. The next three
states (1.54-1.83 eV) are double excitations from the
ground state, while states 6 and 7 (2.19-2.39) correspond
10 single excitations. The remaining states (3.29 eV and
higher), which are higher lying than the bulk-energy band
gap, correspond to double excitations from the ground
state. It is noteworthy that elongated Pbsl,4’~ exhibits
energy gaps of 3.17, 4.67, and 4.75 eV, which may be at-
tributed to quantum size effects, as suggested by Sandroff,
Hwang. and Chung (3.42, 3.95, and 4.80eV).?

Charge/atom values for all Pbsl;s clusters studied
(Table I1) indicate that the interlayer interactions involve
both types of Pb and ! atoms in each layer [Figs. 1(b) and

1(c)). The center lead (Pbg) and the center iodines (Ip)
are especially affected by interlayer perturbations since
the charge on these shifts by as much as 1.3 electrons (for
Pbo) in the case of five-layered Pbs1,42~. The largest per-
turbations are expected for these atoms, however, since
they lie along a symmetry axis and therefore experience
the greatest number of nearest-neighbor interactions.
Pbo, in fact, is positioned at the center of symmetry. Al-
though not tabulated, there are also significant differences
(as large as 0.6) between charge/atom values for the
lowest-energy state and the correspomiing values for each
of the higher-energy states of the Py anionic cluster at
the two geometries listed in Table H, further indicating
that the electron excitations in these clusters involve both
the Pb and I layers.

Our findings regarding the reduction of in-plane lattice
constants when interlayer distances are cxpanded from
their equilibrium values aid in the understanding of recent
scanning tunneling microscope (STM) images of layered
Bil; clusters.!” (These layered semiconductors are very
similar chemically to those of Pbl, and both systems have
been studied experimentally.'') In that study, atomically
resolved images showed structures having honeycombed
symmetry after colloidal suspensions of Bil; were evap-
orated onto graphite surfaces. Since the central bismuth
plane in Bil; has honeycombed symmetry (in contrast to
the hexagonal symmetry of the iodine planes), the STM
images are most likely individual bismuth atoms. In-
terestingly, the lattice constant of these putative Bijolso
clusters was measured to be 0.65 nm. roughly 20% smaller
than the bulk in-plane lattice constant. Hence, these
STM images could be revealing clusters whose topmost
layer of iodine has been removed or displaced from its un-
derlying bismuth plane. Chemical oxidation or cluster-tip
interactions could be responsible for these large perturba-
tions.
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Inyors madwiching 2

There is increasiag interest in exploiting the unique propertics
attributable 10 quantam size or quantum confinement effects in
the design of optosiectronic devices.!”* In fact. it is currently
within the limits of technology to synthesize semiconductor cluster
systems that have volumes and surface areas that are of the same
order of magnitude a3 currier wavelengths.”? These size-dependent
pbenomens typically yield blue-shifted optical spectra.’- exciton
confinement." depressed ionization energies.’ and nonbulk
fragment structures’™ compared to bulk properties.

In this arucie, we sddress the origin of quanium confinement
phenomena in semiconductor clusters from the perspective of
rigorous ab initio molecular orbital theory.

In recem years, cluster studies involving geometry optimizations
and electronic structure determinations have been made possible
by the avsilability of supercomputers.*'' Yet, the intermediate
regime between malocules and solids. where certain quantum size
cffects emerge. is not fully understood. However. that threshold
may require clusters containing as many as 1000 atoms, ‘2> where
rigorous ab initio caiculstions are still not feasible. Even for
smaller clusters. geometry optimizations employmg gradient
methods require enormous eumpumml effort.' However, the
advent of scanning tunneling microscopy (STM) has provided
useful informstion about cluster geometry'4'3 aithough tip-surface
interactions may perturd the surface and absorbed ciusters.'¢
Transmission electron microscopy (TEM) is also used to directiy

* Department of Phynies and Eagineering Phynics
! Depariment of Chemmtry and Chemical Engineenng

- Mjelemsiar orbital theory is used in the comext of ab initio Hartree~Fock calculations to study the origin of quantum confinement
( i layored Pb,l,, clusters. As the cluster goometry is energy

optimized in seversl steps. the structure distsnds into
load layer. At the equilibrium geometry for the lowest electronic

hexagonal
interatomic distances are contracted by |1.3% compered to the experimental bulk Pbl, values. Opticsl
are observed o be blue-shifted by 0.3-2.1 eV relative to the energy band gap of crystailine Pbl,.

TABLE I: Eaergy-Optimized interatomic Distances (A)

atomic geometry*

pair o a b c d
Po-Pb 4.56 4.56 4.46 4.04 4.04
1-lo 4.56 4.56 4.46 461 464
Pb.-1, .22 3.00 3.46 344 144
Pbg-lg 3.22 1.85 2.57 2.56 3.07
Pb-I° 1.85 1.85 2.87 2.56

#See Figure |. *Bulk geometry (see ref 21). ‘Interlayer distance.

measure the size and geometry of larger clusters. 2! [nformation
derived by using these approaches may be used as 3 starting pornt
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Ol
@Pb,
_ : @ Pd,

(a)

(b} {c) {d)

Figure 1. PbyJ,, cluster geometriss: (0) & fragment of bulk Pbl,. (a) the
initisl peometry. (b) eptissinntion in two dagress of fresdom. () opti-
mization 1n three degress of (resdom, (d) optimiaation of s coordinates
of lg atoms in sddition to (¢).

*e

for the computational determimation of cluster geometry. Recent
STM studies on metai~iodine semiconductor clusters suggesied
the existence of microclesters having s layered structure, which
npparlobecyhnﬁmlﬁl”dﬁl"’

Spherical microciusters of memis and semicenductors that have
been investigated in recent years have besn calied supermolec-
ules'®® and superasows'’ (shell models). The supermolecuies are
sphenicai or cylindrical bulk fragments for which cluster propertics
were derived through sb initio eaiculstions, whils the superasoms
are based on jellium medels with spherical boundaries. However,
in either case, surfoce and imernal geometric reconstructions due
10 the size of the microciustors were not treated. in the regime
of microciusters of sgall 10 intormedinte size (tem t0 several
hundred atoms), 3 -y characteristics may emerge.

on POl; microciusters indicated the size

- physisorbed clusters psaked at 12, 18. and
29)\’-" In the presant ab isitio study a cylindrical structure for
a gas-phase Pthly, chuster is sssumed. A combisation of hexagons|
lead and iodine planss is fixed at bulk lsttice positions and used
as the initial chuser gasmetry (Figure 12). A portion of crystalline
lead iodide appears in Figure 1o (a = 4.56 A, ¢ = 6.96 A).2!
interiayer distance and in-plans interatomic distances were initially
set at their bulk vaiues, 1.85 and 4.56 A, respectively (Table 1.
column o). The central atoms on the hexagonal layers were in
head-on positions. lesding 10 Pb,~1, and Pby—lo atomic distances
that are shortened in comparison to the bulk (Table 1. column
0). The diameter of this cylindrical cluster corresponds to the
lowest peak in the experimental size distribution.? The coordi-
nauon numbers of the cluster are 2 (Pbg), 4 (Pb,). | (Ip), and
2 (1,). whiie in bulk Pbl, they are 6 and 3 for lead and iodine
atoms. respectively. Ab initio studies on nonstoichiometric lattice
matched clusters can be found elsewhere 333

Sawamura and Ermier
TABLE Il: Melecuiar Orbital Eloctron Coafigurations of Pho1,>
state MO configuration®
nO. Ay A G & e Ay
| 2 0 [} 2 1] [}
2 | 0 0 3 0 0
3 2 0 1 1 [1} 0
4 2 1 0 1 0 0
L) 0 1] | 3 0 0
6 2 0 0 t 0 1
7 2 0 2 0 0 0
8 0 0 4] 3 1 0
9 2 1 1 e o o
10 0 0 % . iy o2 0
11 2 ’ l,. ' ) 0 1
o B s - 6 4
* Number of electrons in Shtermen ¢ [rreducible rep-

mumdmsmoummm ¢ Number of elec-
troms in inner valence MQ@'s.

Ab initio restricied closed-shell and restricted open-shell
Hartree-Fock linecar combination of atomic orbitals molecular
orbitals (LCAO-MO) caiculations were carried out for Pb,l,,
clusters that explicitly included the valence electrons of each atom
(6s and 6p for Pb, Ss and 5p for 1). Basis sets of contracted
Gaussian-type functions were used to represent valence orbitals
of Pb™ and 1.2* The core electrons (1s-5s. 2p~5p. 3d-5d. and
4f for Pb,™ 1s—4s, 2p~4p. and 3d-4d for 13%) were represented
by ab initio effective core potentials that include relativistic effects.
which are not negligible for heavy elements such as lead and
iodine.2

All of the energies of the highest occupied molecular orbitsls
(HOMO's) and lowest unoccupied molecular orbitals (LUMO's)
were obeerved to be negative for the low-lying states of neutral
Ptyl,, clusters. To compensate for this electron deficiency, two
extra electrons were added 10 the valence MO's (Pbyl, )
thm.hul the calcuistions. This procedure is consistent with

* theorem?’ and was used in earlier studies on Pby1,;.’
Biglis. 2 and Pl |, 2 in which geometries were frozen at near-bulk
values.

Geometry optimizstions based on total valence energy caicu-
lstions required 60 independent geometries. The computer pro-
grams empioyed here take advantage of the cluster symmetry to
significantly decrease the number of two-eiectron integrals that
must be calculated.?® The cluster was treated by using its full
D,, point group symmetry. Total vaience energies and partial
and gross atomic populations™ for 11 singiet and 11 triplet states
including the ground state were calculated for each geometry
(Table II). From these states, 55 singlet and 55 triplet transition
energics were obtained as differences in total energies of initial
and final states. This procedure is more rigorous than conventional
HOMO-LUMO gap approximations for transition energies.
LUMO's are merely virtual orbitals due to the seif-consistent-field
(SCF) procedure and are deficient in the sense that certain
two-electron self-interactions are present.®® In addition. if they
are used as a final state of a transition, ciuster orbital relaxations
that accompany the transition are ignored.>' These orbital re-
laxations, as well as the proper inclusion of all two-electron in-
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’ Quantum Confinement Effects in (Pbi,),

- TABLE 111: Singie-Eloctren Traasitien Ensrgies (¢V)

geometry
trans® spin® a b ¢ d
1-2 T -0.65 0.05 -0.17 0.23
S 0.1t 0.06 0.00 0.01
-3 T 0.08 0.73 1.713 1.95
S 0.42 1.00 1.89 1.99
|-4 T 2.10 2.46 1.07 3.28
S PR3] 2.07 2.69 2.82
1-6 T 4.53 2.68 4.25 4.36
S 398 2.28 3ss N
2-5 T -0.38 1.60 231 189
S -0.97 1.69 2.22 kR |
2-8 T -0.48 1.93 kR Y 4.45
S -1.12 19§ 3103 4.67

*Transstion i—5. i and j are the initial and final states. respectively
(see Tabie 11). *Spin muitiplicity: T = triplet and S = singlet. “See
Figure .

teractions, were explicitly included in the present calculations.

The transitions are characterized by an ansiysis of the dominant
clectron population shifts. Comparison of atomic orbital popu-
lations for initial and {inal states of & transition represent changes
due to the transition (population shifts). Electronic charge is
considered to have exited from the orbitals with the most negative
population shifts and entered those orbitals with the most positive
shifts. These characteristics may be denoted by, for exampie.
“Pb-Pb in-plane transition”, “I-Pb interlayer transition™, etc.

Resuits and Discussion

The geometry was optimized adiabatically (viz., the lowest
clectronic state was found at each goometry) with respect to the
totai vaience energy at three levels (Table 11). First. two pa-
rameters, the interlayer and intralayer atomic distances (height
and diameter of the cylindrical cluster), were varied (Figure Ib).
The in-plane interstomic distances in the lead and iodine layers
were assumed to be equal at this level. This process resulted in
an estimate of approxisate cluster size. The in-plane atomic
distance on each layer decreased by 2.2% relative to the bulk lattice
constant (Table I, codomn b). The Pb,-1, atomic distance and
Pb-I interiayer distance were larger than the bulk vaiues by 7.3%
and 38.7%, respectively. This vertical expansion of the cluster
is attributed to the choice of a compressed initial geometry.

Single-electron trangitions from low-lying states (states | and
2). chosen from among ! 10 possibie transitions, are tabulated in
column b of Table 111 for this case. Compared 10 the states for
the initially chosen geometry. many state crossings were observed
(Table 111, column a). States | and 2 were found nearly de-
generate. Transition energies from states | to 4 and to 6 (tran-
sitions 1-4 and 1-6), 2.07-2.68 eV, are comparable to the ex-
penmental energy band gap in crysialline Pbl, of 2.57 eV.3? Since
the population shifts in both transitions were small in comparison
1o all the others, it is concluded that the wave functions of the
initial and final states were very similar. As a result. it is expected
that their transition probabilities are higher. The other transitions
(0.05-1.95 eV) were found to lic below the band gap. At this
stage, the in-plane atomic distances and optical properues are seen
1o still be bulklike.

Second. three geometric parameters were varied: the interiayer
distance. diameter of the middle layer (iead laver), and the di-
ameter of the top and bottom layers (iodine layers) (Figure Ic).
The in-piane interatomic distances in the lead layer contracted
by 11.3% while the intraiayer iodine distances stayed essentially
the same {1.2% clongated) compared to the 1nitial geometry (bulk
lattice). The interlayer distance was found 1o be nearly equal to
that of geometry b of Figure 1 (contracted by 0.01 A). This resuit
showing a contraction of the lead layer 1s consistent with the
experimental STM studies on surface metal clusters of Bi'* and
of Auand Ag.'* In all of these cases. the metal-metal interatomnic
distances were observed to be contracted reiative to bulk values.
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Figure 2. Electronic states of Pb,l,,’" clusters at each level of geometry
optimization. T and S indicate tripiet and singlet states, respectively.
Numbers correspoad to Tabie 11.

Figure 2 shows that this geometry deformation resuited in a
large spreading of energy states. Total energies were lowered by
1.14-1.36 ¢V in the low-lying states | and 2. However,
were lowered by only 0.12-0.68 ¢V in states 3. 4, 5, and 8 and
even increased in the remaining states by 0.28-1.46 eV relative
10 geometry b of Figure 1. As suggested by the spreading of states
shown in Figure 2, vibronic properties of the clusters appear 10
be emerging at this level of geometry optimization. That is, each
state has its unique equilibrium geometry with a deep and narrow
potential well. However. consistent with the Franck—Condon
principle, vertical electronic transitions with no simultaneous
geometry shifts are expected. As a result, the energies of singiet
clectron transitions 1-4, 1-6, and 2-8 are blue-shifted from 0.12
10 1.68 eV relative to the energy band gap (Table [11. column c).

The emergence of a blue-shifted ultraviolet (UV) spectrum for
geometry ¢, but not for geometry b, indicates that quantum
confinement effects in cluster systems cannot be discussed un-
ambiguously without first determining the optimized geometnes.
Since both systems had an identical ground-state electron con-
figuration, and were nearly of equal-size nuclear frameworks, the
biue-shifted optical spectrum must be due mainly to geometric
reconstruction in the lead layer.

This reconstruction ieads to difficulties in using a-particle-in-
a-box model with accompanying effective mass approximation
in microcluster theory.? In this model quantum size effects anse
from the finite boundary conditions. However, this method may
not be able to correctly estimate effects due to internal recon-
struction, which are observed to cause large perturbations in
transition energies in the present calculations. For example. the
following equation for the energy rise due to confinement in lavered
Pbl, 2clusxers within an effective mass approximation has been
used:

E(eV) = 235/L,%+ 2685/L} (n

L,, 1s the diameter and L, the height (both in angstroms) of the
cvhindnical cluster. The dimensions of geometry b of Figure |
can be esumated as L, = 13.38 A and L, = 9.60 A by assumung
ine n-ptane interatomic distance as the atomic diameter and the
crreumscriome cvitndes as the drmenannc Al the naranat aal




Those of geometry ¢ in Figure | are L, = 13.26 A (average
diameter) and L. = 9.73 A. Substitution of these values :nto eq
1 gives energy increases for geometries b and ¢ of Figure 1. 1.60
and 1.62 eV, respectively. The increment in transition energies
due to varistion from geometry b to ¢ resuits in oaly 0.02 eV, while
the average increment in singio-clectron transition energics between
geometries b and c is 0.80 eV in the rigorous ab initio calculations
(Table HD.

Finaily, geometry ¢ of Figure | was frozen, except for the central
iodinc atoms on the top and bottosn layers (i atoms). The z
coordinates of these atoms aloas were optimized (Figure 1d, Tabie
I, column d). The equilibrium goometry in this scheme corre-
sponds to the lowest total valemce energy of all Pbl, clusters
studied. (The system was not fully optimized in all four degrees
of freedom because of computational limitations.) The final
optimum geometry is quasi-spherical. Variation from geometries
¢ to d of Figure | resuited in state crossings, blue-shifted UV
spectra (Tabie 111, columna d) and the further energy spreading
shown in Figure 24. Transitions 1-3, 1-4, and 1-6 (1.95-4.36
eV) are secn 10 be predominantly Pbg—Pb, in-plane transitions.
The transition energies increxsed by only 0.09-0.22 ¢V from cluster
¢ to clusier d (Table L1, columns ¢ and d), because these tran-
sitions are largely Pb—-Pb inplane transitions and are unperturbed
by the changed positions of the Ly atoms. On the other hand, large
Increases in transition energies in transitions 2-5 and 2-8
(1.28-1.66 ¢V) are attributabie to the o locations. In these cases,
lo~Pb, clectron wransfer is i The transition energics
2.32-4.67 ¢V in wransitions 1-4, 1-6, 2-3, and 2-8 (Table 11D
agree well with the experimentally observed optical pesks at 3.42,

LeA

3.95, and 4.80 eV'® or 3.1, 3.6, and 4 eV.®

Conclusiens

Geometric and optical properties of layered Pb,l,, clusters,
reported here at several levels of geometry optimization. indicate
an evolution of quantum confinement effects. Surface and internal
£COMELriC reconstructions are important components in under-
standing the nature of such effects. A carefully optimized ge-
ometry for layered Pb,1,, indicated a drastic coatraction in the
Pb-Pb in-plane interatomic distances and blue-shifted UV spectra
compared to crysialline Pbl,. Bulk fragments treated by usmg

ab initio procedures without full optimizs

a-particic-in-s-box modals (with s qu:lwlmmamms)z
are not sufficiently rigerous for the treatment of
quantum size effects in semisontugte | Surface and
internal geometric mm in transition
energics resulting in bluo-shifted epiianl absorpuion spectra.

geometry optimization is expecied 10 result in even larger
blue shlfu
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Hydrogen. oxygen and cesium adsorption on bervilium metal were modelied using a Be,s cluster containing seven layers. The

ab imitio Hat tree~-Fock caiculations empioy effective core potentials and full Dy, point-group symmetry. Cesiation of the surface
1s found 10 } ower the work function by 2.2 eV, in good agreement with the expentmental value of 2.3 eV. Adsorption of oxygen on
the cesiaid surface lowers the work funcuion by an additional 0.3 eV over the 2.2 eV lowenng due 1o cesiation alone, whereas

hydrogenation raises it by 0.48 eV.

1t 1s well known that the work function of a metal
can be lowered by the adsorption of cesium [1-4].
Co-adsorpuion of O, has been found to lower the work
function even further [5]. Studies of this type are
imponant because of the many technical applica-
uons of low work function surfaces. one example of
which 1s 1n the generauon of H- and D~ sources in
thermonuclear fusion research [6]. For many years.
the lowenng of the work function due to alkali-metal
adsorpuon has been expiained by way of a mecha-
nmism 1nvolving charge transfer from adsorbate to
substrate [7]. Recently. however, a more covalent
interaction between the two has been proposed [8.9].

In this work. the effects of cesium. hydrogen and
oxygen adsorption on the work function of beryllium
are investigated using a 45-atom cluster to model the
Be (0001 ) surface. The use of clusters as models for
surfaces 1s common [10.11}]. Beryllium was chosen
as the metal substrate for several reasons. First. Be
has a closed-sheil ground electronic state and 1s the

Permanent address: Department of Chemisiry and Chemical
Engineenng. Stevens Insutute of Technology. Hobohen. NJ
07030. USA

smaliest such atom to exhibit metallic character. Sec-
ond. the theoretical results may be compared to ex-
perimental work involving Cs adsorption on Be metal
[4). Finally, the Bess cluster used in this study has
previously been determined to provide an accurate
model of the bulk surface involved in adsorption
{12.13]. All of the calculations are carmied out at the
Hartree-Fock level of theory.

The model systems are taken as cylindncal “plugs™
from Be wafers having surfaces corresponding to the
(0001) hcp metal face [ 13]. The cylinder chosen for
this study contains 45 atoms and seven layers and
has a radius which includes a one-unit cell step along
the a-direction. Be-Be internuclear distances are
equal 10 those in the bulk hcp metal (a=2.29 A,
¢=13.58 A) [14). This cylinder has D;, point-group
symmetry. and the adsorption of cesium and oxy-
gen/hydrogen, one on the top surface and one on the
bottom surface is modeled such that the threefold
symmetry and honzontal mirror plane are pre-
served. In the case where onlv one type of adsorbate
1s involved, the Be-adsorbate internuclear distances
have been optimized in self-consistent-field (SCF)
calculauons. The 45-atom cvlinder-plus-adsorbates

an 0009-2614/91/8 03.50 € 1991 - Eisevier Science Publishers B.V. ( North-Holland )
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Fig. 1. BeyyXy, X =Cs, OCs, HCs.

is shown in fig. 1. Results obtained using these sys-
tems are compared to those caiculated by treating an
s identicd bare Be cylinder. For cases where two types

% of sdemibates are involved (i.e.. BeqsO,Cs, and

% e BeisHs,), no geometry optimization was per-
fonned due to the computational expense. Instead.
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Be-adsorbate and adsorbate-adsorbate internucilear
separations correspond to van der Waals radii. Re-
sults for these systems are compared to those ob-
tained by treating identical bare Be cylinders which
have been cesiated.

Calculations were

percomputer using gl on the “equal-
contribution Yyegegin on  integrals
[15]. Ab initio restri and restncied
open-shell Hartree- each corre-
sponding to -m gl molecular-
orbital (MO) e&ﬁnmmn. vei'éﬁmed out on nu-

merous low-lying states of each clusier. ( The average
energy of configuration is defined as the weighted
mean of the energies of all the multiplets for the con-
figuration [16].) The calculations for the largest
clusters consumed about one hour of Cray Y-MP ume
for each geometric orientauion. The following basis
sets of contracted Gaussian-type funcuions were used
for beryllium. cesium. oxygen and hydrogen. respec-
tively: (3s2p)/[2slp] [17). (5s5p)/[3s2p] [18].
(4s4p)/[2s2p] [19] and (4slp)/[2sip] [20]). AD
initio effective potentials (EP) {21] were used to
represent the 1s core electrons in Be [17] and O [19]
and the 1s-4s, 2p—4p. and 3d-4d core electrons in
Cs [ 18). Relativistic effects. especially imporiant in
Cs. were incorporated into the EPs {21},

Binding energies (BE) calculated relative 10 the
compietely dissociated clusters are given 1n table |.
(Valence SCF energies for atomic Be. Be*. Cs. Cs*.
O.Hand H™ are —0.95083. —0.65457. —19.84225.

Tabie |

Restncied Hartree-Fock energies of Be.y and Be, X, clusters

Cluster Occupred MOs *’ BE Adsorpuion energ:

(kcal/mol) {kcal/mol atom)

a, a ay ¢ ¢ ay

Be, > ] 2 7 7 6 2 1120.00

(Besy )~ 8 2 7 ? 6 2 1203.66

Be,yCs, <’ 10 2 9 9 ? 2 1131.02 551

[BC"C52]°"' 10 2 9 9 7 2 1266.52

Be..0,Cs, **’ 12 2 1 9 8 2 1378.68 12383

[ BeqO:Csy 1 ** 12 N 10 9 8 2 1520.99

{ BeasH,Cs; ) 10 2 9 9 7 2 1272.94 7096 "

[BessH,Csy}* ® 10 2 9 9 7 2 1397.62

*' Underline denotes orbrtal from which the eiectron was removed.

< Open-sheil state: (¢ }'. ¢ Open-sheli state: (a; )'(a%)’

®' State corresponds to the weighied average of configuration.

' Adsorpuion energy of O on Cs-coated Be,,. ' Adsorpuon energy of H on Cs-coated Be.,..
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—~19.72876. —15.64121. —0.49928 and —-(.44815
hartree. respectively, for the basis sets used in this
study.) The total adsorption energies given in table
1 for the cesiated cluster was calculated relative to
the SCF energies of the naked cluster plus that of two
adsorbate aioms. For Be,OCs, and Be,H,Cs,,
energies are reiative to H and O adsorbed oa Be,Cs,.

Theoretical work function are given in tabie 2. The
first values in each row were calculated as the dif-
ference between the otal valence SCF energy of a
neutral cluster and that of the ion generated by re-
moving one electron from the highest occupied or-
butal of that cluster. The values immediately foliow-
ing are due 10 Koopmans' theorem and correspond
10 the negauve of the energy of the molecular orbital
{MO) from which the electron was ionized.

Atomic net electron-charge values are given In ta-
bie 3 as caicuiated using a Mulliken popuiation anal-
vsis [22]. Value of R appearing in these tables cor-
respond to optimum atom-to-surface distances. These
distances were caiculated from a curve fitted to SCF
energies for at least three surface-adsorbate sepa-
rauons corresponding 10 the lowest-lying electron
configuration.

The 10tal adsorption ener, for cegiated Be,s ap-
pears in tabie | a8 5.5 kcal .nol atom. As previously
mentioned. this-ansrgy was calculited relative to the
total SCF energiss of the naked cluser plus that of
the two adsorbate stoms in their ground states. and
the value correspends 10 an average energy of con-

Tabte 2
Work functions of Bees and Beos X, clusters

Cluster @ (eV)*
Be.. 4.62. 443
Beu.Cs: 241.2.19
Be,.0.Cs. 1.81.1.89
Be,H.Cs: 2.95.2.67
Be texpt.) 3192
BeCs texpt) ®' 1.6
AP(Be.—Be,Cs,] ¢’ 221,224
AO( BeoC S:"BC«OQCS” o 0.60. 0.30
AO( BC.-CS:— BC“H;CS;] @ —~0.54. —0.48
AP Be-BeCsjexpt. 23

*' Where 1wo vatues appear. these are Koopmans' theorem and
AE(SCF ) values. respectively

°" Ref [4]

' Vajues correspond 10 a work function iowenng.

9" Values correspond to 3 work function increase.

3a
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figuration. Therefore. cesium 1s predicied 10 adsorb
weakly on Be,s (1.¢. at 2 hole site on the Be (0001)
surface ) at the SCF level of theory. Table 2 contains
calculated values for the ionization potentials of Be,s.
as well as values for the shift in ionization potenuial
(A®) resulting from Cs. H and/er O adsorption. Ex-
perimentaily determined values.ofthe work func-
tons due 1o Cs adsorption om B¢ s
cluded [4]. Results indigate a eweifing b
the ionization potential of the ¢
H adsorption. The experimental fmdu. isa23ev
lowering in the work function of Be metal due t0 ad-
sorption of Cs.

It is the surface laver of Be,s which is predomi-
nantly involved in 1onization. This laver ( BeG in fig.
1) contributes 0.3 electron to the process (table 3).
with Cs contributing 0.4 electron. The greatest change
contributed by the inner layers is 0.2 electron (BeH
in fig. 1). However. companison of the net charge
differences between Be,sCs, and Be, indicates that
the group of atoms most affected by Cs adsorpuon
are on the surface of the cluster (BeG. fig. 1). Cs ad-
sorpuon shifts the electron contributions of this layer
by about 0.2 eV.

Combined oxygenation and cesiation of Be, re-
sult in a greater work function lowenng than does
cesiation alone. Oxygenation of the cesiated cluster
further lowers the 1onization potential by 0.3 eV for
a total ionization potential lowening of 2.5 eV reia-
tive to bare Be, (table 2). O adsorbs strongly on
cesiated Be,,. the adsorption energy being 123.8 kcal/
mol atom (table 1). Net charge differences for
Be,sO,Cs, (1able 3) indicate that cesium contrib-
utes significantly to the \omization process. In fact.
cesium is donatuing 1.0 electron to the process. while
the role of the surface layers 15 substantially reduced

relative to cesiated Be,.. The BeG and BeF group of

atoms on the surface of Be,sCs. have a charge of 0.30.
while the charge on the same laver in Be(O.Cs, 1s
-0.06.

Hvdrogenation and cesiation of Be,.. on the other
hand. result 1n a rise of about 0.5 eV in the 10n1za-
tuion potenuai of Be,sCs, (table 2). Since cesiation
of Be.s lowers the 1on1zanion potential of the cluster
by 2.2 eV. there 1s still a 10tal lowenng of 1.7 eV in
the 1onization potential of Be, H.Cs, relative to bare
Be,.. The adsorption energy of H on cesiated Be,. 1s
73.96 kcal/motl atom (1able 1) Therefore. H ad-

-—
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Table )
Atomic mloﬂl of aecs. Bc«Ch. BCQSO;CSz and BC.,H;CS:

Cluster Z-coord. *’ Atom No. Cluster {Cluster}” Total
label atoms ®’ net charge net charge net charge difference
per atom per atom ( {cluster] * —cluster)
Be.s 0 BeO 1 1.0t 1.00
c/2 BeA 6 0.42 0.40
c/2 BeC 6 -0.20 ~-0.43
0 BeB 6 -0.33 -0.31
¢ BeH 12 -0.19 -0.17
¢ BeD 2 1.36 1.34
3c/2 BeF 6 ~0.14 -0.14
3c/2 BeG 6 0.01 0.09
Be,sCs, 0 BeO [ 0.97 0.97 0.00
c/2 BeA 6 0.46 0.45 -~0.06
c/2 BeC 6 -0.19 -0.17 0.12
0 BeB 6 ~0.37 -0.34 0.18
¢ BeH 12 -0.23 -0.21 0.24
c BeD 2 1.22 1.21 -0.0?
3c/2 BeF 6 -0.06 -0.09 -0.18
3c/2 BeG 6 -0.05 0.00 0.30
R Cs 2 0.29 0.51 0.44
BC.;O)C‘) 0 BeO 1 1.0t 1.02 0.01
¢/2 BeA 6 0.48 0.48 0.00
c/2 BeC 6 -0.19 -0.18 0.06
[\) BeB L) -0.36 -0.35 0.06
¢ BeH 12 -0.22 -0.21 0.12
¢ BeD 2 1.15 1.14 -0.02
Ic/2 BeF 6 0.18 0.16 -0.12
3c/2 BeG 6 -0.02 -0.03 ~0.06
R (o] 2 -098 ~-1.00 -0.04
R™ Cs 2 0.34 0.86 1.04
BeysHyCs, 0 BeO [ 0.93 - 0.94 0.01
/2 BeA 6 0.46 0.45 -0.07
c/2 BeC 6 -0.15 -0.12 0.13
0 BeB 6 -0.38 -0.36 0.17
¢ BeH 12 -0.19 ~0.18 0.20
¢ BeD 2 0.14 0.13 ~0.04
3c/2 BeF 6 ~0.08 ~-0.11 -0.17
3c/2 BeC 6 -0.04 0.02 0.38
R" H 2 -0.11 ~-0.12 -0.02
R'® Cs 2 0.23 0.44 0.42

' c=3.58A * No.of symmetry equivalent stoms. ' R=3.70 A for Be plane 10 Cs distance. { Be to Cs distance 1s .93 A, )
> R=1.50 A for Be plane 10 O distance. (Beto O distance1s2.0A.) €' R =3.1 A for O 1o Cs distance.

> R=0.86 A for Be piane to H distance. (Be to H distance1s 1.58 A.)

sorbs more than twice as strongly on cesiated Be.,
than on bare Be,.. Net charge differences appeanng
in table 3 indicate that hydrogenation of Be.sCs, has
Iittle effect on the 10n1zation process. The net charges
on hydrogenated Be,, are nearly the same as those

50

® R =2.2 Afor Hto Cs distance.

on cesiated Be, . with the greatest change occurnng
for the BeG group of atoms on the surface (0.30
electron versus 0.38 for Be,sCs. versus BeosH:Cs..
respectively ).

Net-charge per atom values shown in table 3 for

39
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each Cs of neutral Be,sCs, (Bes0,Cs,) indicate that
the interaction between these atoms and the naked
{oxygenated ) surface is more covalent in nature, with
the charge polarized inward toward the surface. This
15 In agreement with previous theoretical {8]) and re-
cent experimental [{9] data for alkali adsorption on
metal surfsces. This polarization is more pro-
nounced for the interaction of Cs with the oxygen-
ated surface. The same phenomenon prevails for the
charged systems. However, in these cases it is more
pronounced. especially for the oxygenated surface,
where the net charge per atom value of 0.9 indicates
an 10nic interaction between the Cs and the oxygen-
ated surface. As expected, the oxygen atoms on both
the neutral and charged species are highly electro-
negauve. The smallest dipole between the cesium at-
oms and the surface of both the neutral and ionized
system exasts for the hydrogenated surface. aithough
the difference i1s quite small. It is noteworthy that the
dipole interaction between Cs and the surface is
greatest for the system having the lowest work func-
tion. namely the Be,sO, surface. and smallest for the
system having the highest work function, i.c. the hy-
drogenated Be,s surface.
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Imaging of Colioidal Gold on Graphite by Scanning Tunneling Microscopy: Isolated

Particles, Aggregates, and Ordered Arrays
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Gold colloidal suspensions have been deposited onto highly oriented pyrrolitic graphite and analyzed by using a scanning
tunneling microscope (STM). The size distribution of individual particies measured with the STM (16 % 1.5 nm) agreed
well with measurements made by transmission electron microscopy. STM images of colloidal aggregates containing up to
15 individuai particies couid be obtained under a wide variety of expenmentai conditions. The quality of these images was
extremely sensitive to the type of aggregating agent used, with ionic saits giving better resuits than molecular species. Under
our colloidal deposition conditions we often observed highly ordered hexagonai patterns with a periodicity of 75-150 nm.
extending aver areas as large as 150 X 150 nm?. Preliminary evidence suggests that this hexagonal lattice is associated with
the graphite substrate itself, and not with an ordered. 1wo-dimensional array of colloidal parucles.

Perhaps the most significant advantage of the scanning tun-
neling microscope (STM) over other surface science tools is its
ability to scan iarge areas of a surface and to probe local. non-
periodic structures with atomic scale resolution. This feature is
of great utility in searching for adsorbed chemical species ranging
from molecuies' to metallic and semiconductor clusters.?™®

(1) Halimark. V. M.: Chiang. S.: Raboit. J. F.. Swalen. J. D.: Wilson, R.
J Phvs. Rev. Leut. 1987. 59. 2879

(2) Abraham. D W : Sayyler. K.; Ganz. E.: Mamuin. H. J.. Thomson, R
E.. Clarke. ). J. Appi. Phvs. Letr. 1986. 49. 85)

(3) Ganz. E.. K. Satuler. K.. Clarke. J. J. Vac. Sci. Technol. 1988. 46, 419

(4) Baro. A. M. Bartolome. A.: Vazquez. L.. Garcra. N.: Reifenberger.
R.. Choi. E.. Andres. R P A4ppl. Phvs. Lert. 1987 5/ 1594

5) Sand. D Henson. T Bell. L. S.. Sandroff, C J J Vac Sci Technol
1988 46 426

Metallic clusters adsorbed on graphite have had a special appeal
for STM workers?™ because they are easily produced. are relatively
robust. and are readily differentisted from the graphite substrate
through their tunneling characteristics.

Encouraged by the STM resuits on small metal clusters. we
began 10 explore the properties of larger metallic systems—
colloidal particles—deposited on the surface of highly ordered
pyrolytic graphite (HOPG). In principie. many important features
of colloids couid be understood by exploiting the atomic resolution
achievable with the STM. For exampie, local variauion of the
clectrical double laver surrounding colloidal particles. and the
geometry of adsorbed molecular species on colioidal surfaces. are

16) Jing. T W Ong. N P:Sandroff. C. J. 4ppL Phvs. Lett. 1988, 53.
14
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0 0 100 1%
Figwre 1. STM image of isolated colloidal gold particles on 2 HOPG
surface. The average size of the colloids is 15 nm. The spiky noise in
the image 13 believed 10 come from salts which precipitate on the graphite
surface during the deposition of the colloids.

particulariy reievant in the science and technology of dispersed
svsiems.

In this Letter we report some initial STM results from colloidal
gold deposited onto HOPG. For a number of reasons. the gold
system 1s an ideal starting point for determining the utility of the
STM in colloid science. Not only do simpie chemical syntheses
produce small particles with a narrow size distribution.” but both
the aggregation behavior and surface chemistry of the goid
particles have been explored in considerabie detail.*'°

Our aqueous goid colloids were prepared through the chemical
reduction of sodium tetrachiorosurate using trisodium citrate
according 10 a modified synthesis® first reported by Hillier et al.’
This recipe resuits in the formation of stable gold particies with
a mean diameter of ~ !5 nm. These colloidal suspensions remain
dispersed for many months. presumably stabilized by citrate 1ons
strongly chemisorbed 1o the colloid surface.

Because the aqueous gold suspension does not wet the graphite.
we found it necessary to modify the HOPG surface in order to
obtain a sampie surface which was uniformiy coated with isolated.
unaggregated colloidal particles. This modification was achieved
by placing a small drop of |-propanoi on the graphite surface pnior
10 depositing the gold sol. We found that surfaces treated with
the aicohol could be partially dried under vacuum with no apparent
loss 1n wetting efficiency.

All of our tunneling \mages were obtained with an STM op-
erating in air at room temperature.!! To isolate the system from
low-frequency vibrations. the sample head was placed on a 50-kg
anvii suspended by rubber cords stretched to approximatelv twice
their equilibrium length. We used Pt/Ir STM tips. and operated
the microscope at biases of =500 mV to +500 mV and tunneling
currents of ~1 nA in the constant height mode. To ensure that
the STM was operating optimally. we would first scan the graphite
surface under conditions which allowed us to resolve atomic
features on the graphite surface. We would then scan over the
surface 1n search of goid particles.

Figure | displays the typical appearance of a colloid-covered
HOPG surface scanned by the STM under these conditions. The
scan reveals a high density of particies on a flat HOPG back-
ground The stability and brightness of the STM images indicate

7Y Hilher_ J . Turkewitch, J.; Stevenson. P C. Trans. Faradav Soc. 1951.
X3

Ry Weitz. D AL Lin. M Y . Sandroff. C. J Surf Sci 1988. 158147
The concentration of sodium citrate used i the svnthests of the goid coliowds
15 incorrect in this reference. it shouid be 1072 M not 107 M

19) Crerghton. J. A_: Biatchford. C G . Aibrecht. M G J Chem Soc .
Faraday Trans 1979 75 790

‘0 Sandroti, C J . Herschbach. D R Langmuir 1988 © "3

“vanoscope 1 Dignar instruments. Inc . 6780 Cortona Drive. Santa

RJ'D.‘!"‘ (% QY-

Letters

the presence of conductive metallic particles strongly adsorbed
on the HOPG substrate.

To confirm that these images were of gold colloids and not
random adsorbed impurities or graphite artifaces. we measured
the dimensions of the particles in the xy direction (parallel to the
graphite substrate) with the STM. This measurement gave an
average particle diameter of ~16 £ 1.5 nm. Considering that
up-cluster interactions can change the apparent size of measured
features.* this diameter is excelient agreement with the 14. 5-nm
colloid diameter measured by TEM in this and in previous work.?

Though xy scans with the STM accurately reflected goid
particie diameters, we found that A ;
quantitatively relisble. Generally, 3}
in the z direction varying between ¥ 4e
corsiderable smalier than the | S-nf gl

i gave particle heights
2.0 am. a dimension

diameter. We
believe that the contracted dimensign Z direction is a resuit
of operating the microscope in the height mode rather

than a flattening of the gold colloid particle on the graphite surface.
Hence dimensions measured by tunneling are more reliable in the
xy than in the z direction, and we conclude that the STM can
be used as a reliable and semiquantitative ool for measuring the
shape and dimensions of colloidal metallic particles deposited on
conducting substrates.

After our initial characterization of singie, isolated colloidal
particles with the STM. we began to expiore the properties of
colloidal aggregates. The paruicies were aggregated by adding
1-3 drops of | M NaCl or | M NaClO, 10 5 cm’ of the coiloidal
suspension. After the addition of the salt solutions. the wine-red
Au suspension turned blue. indicating that the small aggregates
of goid were beginning to form.” At this stage several drops of
the suspension were deposited onto a freshly cleaved HOPG
substrate and evacuated to dryness. The water was removed at
a reduced pressure of 107 Tarr without sliowing the sol to solidify
and sublime. As described earlier. we modified the graphite
surface with 1-propanol and deposited the aggregates both at
ambient temperatures and at 110 °C. Elevated temperatures did
not change the structure or distribution of aggregates but did speed
up the removal of soivent and propanol.

Figure 2 shows typical STM and TEM images of colloidal gold
aggregates flocculated under these conditions. Samples for TEM
analysis were obtained bv depositing the colloids on carbon-coated
copper gnds. The STM images of the flocculated colloid are very
similar to the appearance of the aggregates by TEM: the indi-
vidual particies appear to be physicallv touching but rarely fused
together. As with the isolated particies the aggregates were stable
for periods of several hours. and they could be imaged under a
wide vanety of bias conditions with little effect on their appearance.

One of the most important i1ssues 1n colloid science concerns
the nature of the electric doubie layer which provides the repuisive
Coulombic barrier that keeps the particles in suspension. We
hoped 10 use the STM to study the local character of the double
laver by aggregating the colioids with different flocculating agents.
For exampie. 1onic salts are known to induce aggregation by
causing the collapse of the diffuse double laver surrounding each
colloidal particle. while molecular adsorbates are thought to cause
aggregation bv displacing more weaklv bound charged species from
the colloid surface. These different agents should produce cofloidal
surfaces with significantly different electrical and molecular
characteristics.

Though flocculaung with ionic saits produced aggregates with
excellent tunneling characteristics. we were not as successful with
the molecular flocculating agent. tetrathiafulvaiene (TTF)." In

‘act we never obtained stable STM images from colloids floccu-
fated with TTF. even though TEM micrographs show that these
aggregates are 1dentical with those aggregated with sait. We
specuiate that adsorbed TTF forms an insulating barrier around
the cotlotd surface that prevents tunnehing from occurring. Thus,
10 obtain the best STM images of floccuiated colloids. 1t seems
necessary 1o aggregate with tonic agents which screen the Cou-
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20 nm
Figure 2 STM and TEM images of colioidal roid aggregates 1a. tor
ST™M image on graphue: (b. bottoms TEM image on carpon-coated
copper grid  The colloid sizes were tound to be ~ | S nm bv both tech-
“aues

‘ombic interaction between particies without hindering the tun-
aCHE ProCess
W hiie exploring the properties of coilomdal aggregates we often
monced tnat the NTM images contained sharp spikes  Behieving
inese were due to the presence ot codeposited saits, we treated
tne aggrefated suspensions with 1on-exchange resin ' to reduce
the concentration of 1ons an soiution Frgure 3 dispiavs a re
~uarnabie STM image obtarned atter ine aggregated cofloids were
rreated with ion-exchange resin Thic image ConsIsts of roughi
St mtome” which have assumed 3 hinhiy ordered hexagonal arras
that measures [0 ame x 'Stnm- p ek ot the Tatoms e the
Hnce pas a giameter o ~ fdnm ang g two-dimensionai Fourie-
Ceanstarmogentited the CQTCe Soacarant c e~ T4 oner
Since previous work had demonstirated that charged colioda.
aarticics deposited from SOIULIor onto SMOOIN sUrfidces Car
.ametimes cryvstatitze in hexagonai lattices * we originaliy asso.
Cated these STM images with our sols with eacrk ~atom -gentified
- Ve X oo tatior Hloweves NEVETL LN AT LeTINTIUS o
Lroattase grgue agans! therr derng rattices of colfondal goid
Sarticcs  boosioane ndnadudl DAL are exviremely pnifore

SNt wero v s nDac o F
Cnew 1ORY €7 00T

A e nc TR LnARRTERAIEC & ket moat omeex ngnge ces - Ty e
e IR s T s e P .-

Sk "h

o . . - I T PR

The Journal of Phvsical Chemustryv. Vol 95. No. 2. 1991 %08

Figure 3. STM image of anomaious long-range order on graphite The
periodicity of the hexagonal arrav was © S nm and 1t extended over ar
ared of ~130 X {30 nm-  Tne arravs were aiwavs opserves neas .
rerrace like the one seen in the lower part of the figure

in size. much more umiform than 1soiatea particies appear wnen
seen by either TEM or STM  Aiso the particies in the fattce 0o
not conduct as much current as isolated gold particies do under
identical expenmentai conditions. Finaliy. images quantausen
similar 1o those in Figure 3 were obtlained atter the aeposition
of colloidal dispersions which were not treated with ion-exchange
resin. Under these circumstances the tonic strength of the soi 15
high. and the long-ranged Coulombic forces necessary 10 inguce
wwo-dimensionai crystailization shouid not be present.

We specuiate that this highly reguiar iattice 1s associated with
the graphite substrate 1tself. Indeed simiiar images have oeen
obtained from graphite surtaces atter the depostuion of organic
salts from solutions which contained no dispersed particies
Moreover. very recent studies of graphite surfaces by STM have
appeared. and aimost identical images were obtained where no
deliberate adsorption ¢! material occurred '® huwapara ei 3; *
argue that the anomaious iong-range order seen On graphite can
be attributed to Moiré interterence between two SHRRUY mMisy
-iented lavers of grapnite  However, i is possiDie that sever:
mecnanisms are oocraung simultaneousiy 1o give rise o the
long-range order on graphite indeed. preiiminary comoputer
SIMuUlatons show That anomaious iung-range Qraer can gevelor
when a grapnhite flake mickea up Dy 1he UD siioes across the grapnre
substrate

In conclusion. we have snown that the STM can be usea witr
some confidence in the study of the properties of meta: Luiiods
The physicai dimensions of coliordat particles can be measureg
wilth reasonaple accuracy 1o the plane ot the supstrate. anc laree
Jggregates can be readiy images so long as electricaily insuiating
maolecties are not agasarbed on the collond surtace L nger <ome
SONGINIONS 1T 18 POsSIDIe 10 observe Nighiv oraereg hexagona: arravs
v graphite surfaces  Althougn the onigin of this 3rrany i« nor we
Lnderstood we Delteve v ¢ phenamenon associated with the
CTADRILE WTIACE el Nance ANe Lathice patamesier o the orgerel
LTIV I COMDAnanice totne sire of colimdas partcies 1! s imaena e
oenerene care wnen usng the STM (o stugy cotoids or oiner
NAUTOMUICLUIST SDECIEY ads0rbed on Rraphite suriaves
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A model for the scanmng tunneling microscope (STM) expeniment 1s presented which explicitly treats the STM up as a
polvatomuc crvstalline surface. The net tunneling cusrent is the sum of all tunneling occurrences from each tip atom to every substrate
atom. With the ad of computer simulatuons, the atomuc resolution of an hexagonally close-packed substrate with a nearest neighbor
distance of 0.245 nm 1s reproduced using an hexagonally close-packed up with a nearest neighbor distance of 0.277 nm. The resulung
penodicity of the 1mage 15 independent of tip size. The recent observauons of anomalous long range periodicaty 1s explained by

empioving the model 1n a simulauon of a 2.7 nm super latuce.

Since its introduction {1.2). scanning tunneling
microscopy {STM) has found immediate accep-
tance as a powerful tool for surface analysis. Cur-
rent and future applications of this technology is
highly dependent on our understanding of the
measurement technique. This Letter presents a
new model for describing the STM experiment
based on mutual scanning between the tip and
surface. This model of the STM experiment is
shown to reproduce atomic resolution of ordered
surfaces. as well as provide a general explanation
of anomalous long range perniodicity that has been
recently observed {3-5}.

As a first approximation. it is generally be-
licved [6] that the STM current image results from
an electron of a lone tip atom tunneling to a single
surface atom when an external bias potential of
appropnate sign is applied. The exponential de-
pendence of tunneling current on both interatomic
distance and barrier height of the tunneling elec-
tron selects for a single dominant tunneling path-
way. This results in the ability to map out the
electron orbital charge density of the surface as a
funcuon of tunneling current when a tip is scanned
parallel to the surface. This mechanism. although
it correctlv explains many phenomena associated

N039-6028 91 'S0 %0 7

with STM images. does not predict the long range
periodic structures that are often observed [3-5).
We propose a new interpretation of the STM
expenment for tunneling to an ordered surface
such as highly oriented pyrolytic graphite (HOPG)
from a metal tip having a close-packed structure.
The proposed mechanism is predicated on the
following STM experimental model. Firstly. that
microscopically. a pure metal tip is crystalline
with the (111) surface dominating in many cases.
Secondlv. that it is possible that tunneling can
occur from every tip atom to every surface atom.
The net tunneling current is initiallv assumed to
be a simple summation of all individual tunneling
occurrences which are assumed to be independent
and behave according to the Tersoff and Hamann
equations {7-9]. Finally, defects and step edges
that posses lower bamer heights than their corre-
sponding bulk surfaces will appear as adatoms
and contribute umiquely to the resulting image.
The modeling of a sharp metal tip as an ordered
crystal surface is a logical assumption based on
the following developments. lijima et al. [10] have
observed large metal clusters containing over 1000
atoms which maintain single crvstal structure with
a tendency to maximize the (111) surface area
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under TEM experimental conditions (1.3 X 105
clectrons per dngstrém per second). Clusters of as
few as 500 atoms expenenced frequent rearrange-
ment to new single crystal structures. This work
suggests that even under highly energetic condi-
uons large close-packed metal clusters are crystal-
line. This work has been confirmed by Maim et al.
[11]. Trevor et al. [12] observed that metal surfaces
which have undergone electrochemical oxidation/
reduction similar to some STM tip preparations
tend to minimize defects. holes, and step edges
prefernng to maximize crystal plane areas. Per-
haps the most compelling evidence for a planer tp
comes from work done by Colton et al. [13]. This
group showed that graphite pencil lead or graphite
coated tungsten could be used as an STM tip to
reproducibly image HOPG with atomic resolution.
Finally, the STM experiment itself has failed to
show that pure metal surfaces contain stabie
adatoms under STM experimental condiuons. This
conclusion is based on the lack of published data
supportng the presence of adatoms on pure metal
surfaces under STM conditions. It is therefore
logical that the tip be treated on the same footing
as any other close-packed metal. In fact. the dis-
tinction between tip and substrate is purely con-
figurational having no special significance when
considering the relative motion and interactions
between the two surfaces.

,The net tunneling current from the (111) surface
of*a metal tip 10 a coplaner (111) surface of a
metal substrate is given by

I:om'zzlu("'/)' (1)
vt

-a[(x,/ ~xu ) 0y, )
1,2
I—‘“() ] \‘

where eq. (1) is a simple summation over all
up- surface tunnehng currents and (2) is Tersoff
and Hansma's familiar resuit [7.9]. As the up 1s
moved to a new position this current varies. Since
both surfaces, which can ininally be considered
infinitelv extended in paraliel planes. inherently
posses translational symmetrv in both the x and v
direcuons. the net current i1s penodic having a
penod related to the smaller atomic spacings.

I (1.))=A exp{

+(z

(2)

s
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This can be exemplified using the following
gedanken experiment. Consider two coplaner in-
finite lattices that are superimposed on each other
with one lattice transiated with respect to the
other in the lattice plane. An observer could then
record. at some finite interval in the plane. a
unique set of images for each of the configurations
as one lattice is transiated a distamée correspond-
ing to thcpenodoflhc—hw spacing.
Due to the translatiomal ptry of the wwo
lattices, each subsequent set'of imamges would be
identical to the initial set. In fact. since the direc-
tion of the translation is arbitrary, only the first
half of the images of the initial set will be unique.

Consider next the STM expenment. It is known
that as a crystal surface of a up is scanned across
a crystal surface of a substrate. the periodicity
corresponding to the smaller atomic penodicity
(substrate or tip) will be imaged. Furthermore. it
is known that HOPG contains two inequivalent
carbon sites [14] resulting in the STM image
dominated by the tunneling contribution of one of
these atoms. Fig. 1 reports the resuits of a series of
two dimensional simulations where a multi-atom
tip (with the nearest neighbor distance 0.277 am
corresponding to platinum) has scanned a 25 atom
substrate (with nearest neighbor distance of 0.245
nm corresponding to the beta-beta carbon dis-
tances in HOPG). Within the constraints of the
independent multiple tunneling assumption. de-
scribed above, it is evident that muluple atom tps
do not necessarily yield muluple images. It is clear
from these two dimensional cross secuons that the
muijt-atom tup, with a larger interatomic distance.
correctly reproduces the simulated current umage
of HOPG. The simulation was simplified using a
straight forward reduction of vanables [16] and
performed in a constant height mode in keeping
with recent experimental observauons [5). Fig. 1
shows that neither the atomuc penodicity nor the
corrugation amplitnde 1s effected by tip size.

If the surface. with the smallest atomuc spacing.
contains a defect which results 1n a lower bamer
height than that of the builk surface [15], a long
range hexagonallv close-packed image with a pen-
odicity much larger than the substrate 1s observed.
This results from the surface-to-defect tunneling
path of the large atomically spaced surface to the




J.F. Womelsdorf et al. / STM: a cninscal view of uip participanion

3.6

3.2 4

2.4 4

2.0 4

CURRENT INTENSITY (ARBITRARY UNIT)

s /\w/wwvvwvwvwwm\..,

1.2
_/\./\/\AANVV\NWVVVV\/\/\NWV\ we1

=S

0.8
12.e

25.0

378 $0.0 62.5

DISTANCE (ANGSTROM)

Fig. 1. A two-dumensional cross secuon of a simulated STM constant height 1mage as a funcuon of up size. The number of tip atoms.

which are separated by 0.277 am. 1s indicated next to each curve. The substrate 1s represented by 25 atoms separated by 0.245 nm.

Note that a muitiple atom up does not necessaniy produce a multiple image under this independent tunneling assumption. The edge
distortions are caused by over scanmng the substrate surface.

surface defect of the smaller atomcally spaced
surface. In essence, the defect scans the larger
lattice of the surface as the tip translates across
the substrate. Therefore. the image of the tip is
added to the net current image as produced by the
defect. Since the defect must result in a lower
barrier height in order to act as a pseudo-tip. it
contributes significantly to the net current image.
Thus. the resulung STM image is the superposition
of both the tip and substrate images. Fig. 2 ex-

57

hibits a simuiation of the image due to a 35 X 15
atom hexagonally close-packed tip scanning a 35
X 15 hexagonally close-packed substrate which
contains a single defect.

The superposition of the tip and substrate image
can result in a variety of large, long range pen-
odicities. This is because the xy-plane of the tip
will be oriented at an angle n (0 <75 < 30°) rela-
tive to the xy-plane of the surface. The intensity of
the resulting image varies as a function of the




AR Y

L
K YT e

<t

o o e O W e -

- O Y Vv w

o .

- . — ey W P W e - N W
WP M - - e wr W W W W - - e wr W

| S - W e W
L S e Y N T G

b U
L 3 - W e w
L VO W U S
o W W
- W W W e
e o @ W W w -
i P W w - -
P W W W N N
\‘4"OIV5-\'~

S A N

- A
@ W W -

T w W W W e -

A_o.".'.‘w\
A A0 A U

- W W W N e -

“ N A S 0 e
o e 4 o -

NN N T e

-

L %

- \b\ﬂvﬁ/du

T W W W W e -

J.F. Womelsdorf &t al. / STM: a crincal wew of np parucipation

“ W
Ce W

vy £ .
"\‘V‘UJ"-.
o W W Y W e - -
- ww W W W

R g .

h . ¢ <+ -
I A L 'b‘

-
kY
Fig. 2. Loqt&pemtaw simulsted by the superposition of a (111) fcc surface with a nearest nexghbor distance of 0.277 nm

which s w and rotated by n = 0° with respect 10 an hexagonal latuce with 3 nearest neighbor distance of 0.245 nm. The
n

2w $.58 am. and clearly shows a jong range penodicaty of approximatetv 2.87 nm. (The apparent compression of the
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phase of the two images. which is a funcuon of
their atomuc surface penodicities as well as the
angle n between them.

Long range periodic structures on graphite have
been previouslv reported {3.4]. In manv cases.
these structures have been observed to be associ-
ated with graphite defects [3-5]. In our experience
thev usually can be associated with basal plane
step edges [S]. The carbon atoms lving at step
edges are umique with respect to bulk graphite
carbon atoms due to therr unfilied (open-shell)
atormuc orbital. If those step edge atoms have

significantlv  different iomuzauon potentials 1n
companson to the defect free graphute. thev should
logically constitute low barmier height defects.
Hence. what appears in some STM images to be
long range penodicitv can be produced by point
defects located at basal plane step edges.
Although we have chosen to investigate the
special case of a coplanar up and substrate. we do
not wish to imply that this 1s representative of the
STM experiment in general. Clearly the effects of
non-coplananty need to be investigated in a more
thorough studv. However. the reader is reminded
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that the anomalous long range corrugations such
as those reported to be associated with HOPG
[3.5) are also special case images which are not
representative of the typical graphite surface. Fur-
thermore. the restrictive condition that the STM
1ip contain a lsrge planar surface can be lessened
by recognizing that STM tips have been shown to
adsorb large HOPG flakes [17] which are inher-
ently planar.

We do not dissgree that meny STM expen-
ments can be modeled by assuming a singie atom
up. This is ressonable since a microscopically
crystalline tip will have edges and corners and it is
unlikely that the substrate will be coplaner with a
crysial face of the tip. Howsver, since most tips
are made of bulk material (tungsten or platinum
wire, for example) and upon initial current flow
there exists sufficient energy, possibly due to resis-
tive heating, for the tip to anneal to its lowest
energy interatomic orientation. It is still unclear if
a planar tip will be unable to reproduce sharp step
images as some have suggested. It is also unclear
to what extent the coplanar configuration can be

relaxed such that Jong range periodicity can still
be produced. However, we have shown that a

multi-atom crystal domain STM tip can explain
both atomic periodicity and the anomalous long
mnge orduchn observed on graphite.

Thsm:ssupponedmpmthgh the
Air Borce Office of Scientific Research and by the
National Scieace Foundation under grant No.
CHE-8912674. We are also grateful to Professor
D.M. Kalyon and Dr. J. Wang for access 1o the
graphical facilities used in preparation of ths
manuscnpt.

References

{11 G. Binnug. H. Rohrer. Ch. Gerber and E. Weibel. Phvs.
Rev. Lett. 49 (1982) 57.

{21 G. Binnig. H. Rohrer. Ch. Gerber and E. Weibel. Appl.
Phys. Letw. 40 (1982) 178. _

(3] M. Kuwabara. D.R. Clarke and D.A. Smith. Appl. Phvs.
Lett. 56 (1990) 2396.

(4] JW. Lyding. J.S. Mubaosk. Q, G

Brockenbrough. J.R. Shepley.4 3. Vac. Sa
Technol. A 6 (1968) 383. ;. 4
[SIJF\VMY‘I- . anpub-

16} RJ Hnm Anne. Rev. Phys. Thai

[7] 3. Tersoff and D.R. Jiamann. Phys. Rev. Lett 50(1983)
1998.

{8) J. Tersoff and D.R. Hamann. Phys. Rev. B. 31 (1985) 805

{9] N.D. Lang. Phys. Rev. B. 34 (1986) 5947

(10} S. lijima. in: Microclusters. Eds. S. Sugano. Y. Nishina
and S. Ohnishi (Springer. Berlin. 1987) p. 186.

[11] J.-O. Maim and J.-O. Bovin. Surf. Sc1. 200 (1988) 67

[12] DJ. Trevor. C.ED. Chidsey and D N. Loiacono. Phvs
Rev. Lett. 62 (1989) 929.

[13} RJ. Colton. S.M. Baker. RJ. Dnscoll. M.G. Youngquist.
J.D. Baldeschwieler and W.J. Kaser. J. Vac. Sci. Technoi.
A 6 (1988) 349.

[14] G. Binnig, H. Fuchs, Ch. Gerber, H. Rohrer. E. Stoll and
E. Tosstu. Europhys. Lett. 1 (1986) 31.

{15] B. Krahl-Urban. H. Wagner and R. Butz. Surf. Sci. 93
(1980) 423.

116) The reducuon of varisbles was accomplished as follows
The distance term in the exponent was expressed in Carte-
sian coordinates. Since the simulaion was performed 1n
constant height mode. the conswants in the exponenual
(height. work function. eic ... ) were grouped together and
set arbitranily equal to one as was the pre-exponenual
factor. This simphficauon was emploved since the low
bias tunnehng relationships. previcusiv denved bv Tersoff
and Hamann (ref. {8.10]) are assumed 10 be correct. It was
found that assigming 10 the exponenuial constant values
between 0 and 100 simply scaies the :-component (i ¢
amplitude) of the image. We found this simpiification
acceptable since corrugauon amphitude 1s not the focus of
thus studv

[17) T Tiedie. J Varon and J Stokes. J Vac Sci Technol A #
(1988) 372




Ab Initio S8tudy of the Electronic Spectrum

0., Cluster

of a c:11 a

Ping Wang
ADQpartnent of Chemistry and Chemical Engiy

. 71‘;:”

Stevens Institute of chhnol&éy

Hoboken, New Jersey 07030 ° -
and
Walter C. Ermler
Department of Chenmistry
The Ohio State University
Columbusg, Ohio 43210
(T. Jnown. “Aaurs, )u.upﬂd 2/1\/a) )
ABSTRACT
Geometries and electronic states of the cesium suboxide
cluster Cs,,0, are investigated using ab initio Hartree-Fock
cilculations. Relativistic effective core potentials are
employed to represent core electrons in the atoms while
Gaussian-type orbital basis sets are used to describe the
valence electrons. Interatomic distances are optimized for
the ground electronic state. The workfunction of Csllo3 is
calculated as 0.65 eV, in excellent agreement with an
experimentally determined value of 0.7 Ev for bulk cesium
suboxide. Mulliken populations of negatively charged and
neutral C511°3 clusters have been calculated and indicate that
upon ionization the emitted electron exits a molecular orbital

encompassing the outermost cesium layer of the cluster.

*permanent address of Walter C. Ermler




electron spectroscopy by de-excitation of metastable noble
gas atoms (MDS) to follow the continuous oxidation of cesium
films.® This group applied UPS for a finite information
depth and MD8 for the properties of the out.r-n.;‘atn-ic

layer. The experimental results show that .
cause the formation of a "monoplane" of cu1105: M;Q. 0%~
ions are incorporated below the surface, uhilo‘fi.»surfacc
itself consists solely of Cs atoms. The workfunction of
Cs,,04 is decreased in comparison to pure Cs metal. A theory
of the workfunction of cesium suboxide and a model of its
electronic structure was proposed by Burt and Heine? based
on Simon’s studies of the crysta;lography of cesium
suboxide.l? They determined that a substantial drop in
vork!unction is to be expected in going from Cs to Csy104

3 dllAib changes in boundary conditions on the conduction

i!tﬂhnﬁ&bn-.

» The present work investigates a cesium suboxide cluster

Cs;103 using ab initio calculations. The geometry of the
cluster in low-lying electronic states is studied. The

workfunction of the cluster is calculated and Mulliken

populations are analyzed.

II. CALCULATIONS
The average relativistic effective potentials (AREP)11
for oxygen were obtained from Pacios and Christiansen.l?

They used a refined version of the Dirac-Fock based




relativistic effective core potential procedure of Lee,
Ermler and Pitzerl3 to compute AREP’S of Li through Ar. They
also reported small optimized Gaussian-type orbital (GTO)
basis sets for the valence electrons of Li through Ar. The
AREP and Gaussian-type basis set used for cesium were taken
from Ross et al.l4

2-electron core and 6-electron valence spaces for
oxygen and 46-electron core and 9-electron valence spaces
for cesium were chosen. In cesium, the five s-type and five
p-type GTO’s are contracted to three s- and two p-type
functions, respectively. . %

In the RHF calculations, one~ and two-electron nlerix
elements involving symmetry-adapted linear combinations of
GTO’s were calculated using "equal contribution® integral
program of Pitzer and Hsu.l5 fThe wavefunctions and energies
were calculated using a rest;icted-Hartree-Fock self-
consistent-field proqram.l6

Geometry optimizations were per:ormed beginning with
the crystal structure of Cs11031° using a one-~-dimensional
"breathing® model. The equilibrium geometry was then
obtaindgifféi a plot of energy versus breathing radius. The
qeonctrﬂwntors associated with the minimum energy for
this curve wére then used in RHF calculations to obtain the
corresponding energy.

Electronic state optimizations were performed for

anionic, neutral and cationic clusters and the corresponding

workfunctions were extracted.
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III. RESULTS

Table I shows the coordination numbers of the Cs,,04
cluster. The structure of the Cs,,03 cluster can be
described as being formed by layers of Cs and O atoms (see
Fig.1l). The upper layer consists 3 CsB atoms possessing a C,
rotation axis. The middle layer consists of 3 OA and 3 CsA
atoms. The lower layer is structurally similar to the upper
layer and spaced from the middle layer by the same distance
as the upper layer. The two CsC atoms are nested somewhat
closer to the middle layer than the upper and lower layers
and lie along the C5 axis.

The abovementioned AREP’s and contracted GTO basis sets
lead to Hartree~Fock energies of -19.84218 and -15.64121
hartrees for the cesium and oxygen atoms, respectivelyl5

Table II shows the strucéural parameters of Cs,,04

obtained experimentally by Simon and Westerbeck.l? The
cluster geometry was optimized and the effectsd of geometric
changes on total energies are shown in Table III. The
geometric parameters associated with the minimum energy for
this c;%iicpond to a 7% expansion of the crystal structure
of Table 2.

Tables IV-VI show total valence energies of several
low-lying electronic states for anionic, neutral and
cationic clusters, respectively. All calculations correspond

to the average energy of molecular orbital configurations.l7
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We chose to treat such averaged spin states because the size
of the cluster (11 Cs, 3 O and 117 valence electrons)
results in severe computational complexity. All electronic
state optimizations were performed at the 7% swelled
equilibrium geometry of Table III and the lowest states were
found for the negative, neutral and positive clusters. It is
noteworthy that the negatively charged cluster is found to
be the most stable.

Mulliken populations on each of the atoms in the ground
states of the negative, neutral and positive clusters are

listed on Table VII. By comparing the electron populations

H oA N

on each type of atom in the negative and neutral clusters,
it is clearly seen that the ionized electron comes from the
outermost cesium layer.

The energies of the highest occupied molecular orbitals
(HOMO) and lowest unoccupied MO’s (LUMO) are listed in Table
VIII. The energies of the HO&O'S of all the clusters are
negative. However, the energies of the LUMO’s for the
positive cluster are all negative, those for neutral cluster

being partially negative and partially positive, and those

f.cluster all positive. These indicate that both
positi'ﬂg :;nuutral clusters are electron deficient and the
negative cluster is the most stable. This conclusion is
reinforced by comparing their total energies. The
workfunction of the cluster, obtained by subtracting the

total energy of the negative cluster from that of neutral

cluster, is 0.651 eV. This may be compared to the




corresponding value of 0.700 eV calculated using Koopmans’

theorem.18

IV. DISCUSSION

The Cs,,0, cluster model studied is shown in Fig. 1. It
has the layer symmetry of the bulk crystal and has four
unique atoms. The cluster has D3y point group symmetry and
represents a fragment of the bulk crystalline solid. The use
of the D3; point group symmetry and averaged relativistic
effective core potential to replace the core electrons for
Cs;,05 led to substantial reductions of the numbers of two-
electron integrals that must be computed and processed for
each SCF calculation.

The contractions of the basis sets for cesium and
oxygen atoms leave the outermost (smallest exponent)
primitive functions uncontraeted, making single contracted
functions of the innermost (largest exponent) primitives.
This permits the linear SCF-MO coefficient of the outer
function, having maximum amplitude in the interatomic
reqion,gﬁb-respond to the changes which occur upon cluster
formattﬂiﬁ‘“

The interatomic distances were initially determined
from the lattice constants of crystalline Csllo3l3 (see
Table II) and the geometry optimization was carried out
using a breathing model. The results appearing in Table 3

indicate that the total energy of the cluster reaches
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minimum at 7% expansion of the crystalline size and the
naked cluster is stable in the gas phase. The total energy
of the cluster is lower by 81.5 kcal/mole than that due to
the summation of the energies of the separated atoms.

The electronic state optimizations were carried out for
negative, neutral and positive clusters. The procedures are
similar to those following by Ermler et al. in their studies
of the properties of large Be clusters.l? The results
appearing in Table IV-VI show that the most stable

electronic state has an open shell configuration and that

the negative Cs,,05  cluster is the most stable. The

X

et oy A

behavior of the lowest electronic state is similar to gyat
of 866319, and is indicative the onset of the bulk |
characteristics, i.e., the presence of a partially filled
band in which spin couplings are not important energetically
and electrons are highly delocalized. This provides some
justification for carrying oﬁt electronic state
optimizations based on averaged energy of configuration
states for open shell cases.

g conclusion that the most stable cluster is

N o
ﬂyhnrqed is supported by HOMO and LUMO analyses.

‘ v"-lé-VIII, the six LUMO‘’s for the lowest-energy
configﬁfﬁﬁ;on of the positive cluster Csllo3+ are all
negative and the majority of the LUMO’s for the neutral
Cluster Cs,,0, are negative, indicating that the pasitive

and neutral system are electron deficient for the low-lying

states. The singly charged anionic 051103‘ was then studied
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in an attempt to satisfy this electron deficiency. The
results appearing in the Table VIII for C511°3- show that
its six HOMO’s are all negative and all of its LUMO'’s are
positive, indicating that the electrophilicity of the system
has been quenched and addition of one electron to the
neutral cluster increases its overall stability. These
findings are similar to those reported by Marino et al. on
their studies of the layered semiconductor cluster 815118.20

Charge per atom values appearing in Table VII indicate
that the predominant interlayer interactions occur between
the CsC and OA atos (Fig. 1) for the lowvest-energy state of?
Cs,70,” . This was also observed for the other five low-lying
states of C511°3-' However, those for Cs,,0, and C31103+
indicate that predominant interlayer interactions occur
between two layer six CsB atoms and three OA atoms (see
Fig.l). By comparing charge per atom values in the negative
and neutral clusters, we alsQ found that the values for
oxygen are constant at -1.59 whereas those for the CsB and
CsC atoms are changed by +0.34e and -0.4le, respectively. A
detailed analysis of Mulliken populations reveals the
followiaq. (a) In ionization from the negative cluster
C511°3 1\g-th0 neutral cluster Cs;105, the electron exits
from the outermost cesium layer. and (b) the predominant
interlayer interactions change from CsC-OA to CsB-OA.

The workfunction of the cesium suboxide is one of its
most important properties. Our calculated results show that

Csllo3" has very low workfunction, consistent with that
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7 Two theoretical values

experimentally for cesium suboxides.
correspond to a calculation of the workfunction as the
difference between total energy of Cs;703 and Cs,,05 and to
Koopmans’ theorem. In the latter case, two inherent
approximations can result in a more reasonable value of the
workfunction for systems with large numbers of electrons:
(a) The "frozen orbital" approximation. This assumes that
the spin orbitals for the N-electron states are identical
with those for the (N+1l)-electron states. This approximation
neglects relaxation of the spin orbitals in the (N+1)-
electron state to produce a workfunction that is too
positive. (b) "constant differential correlation effects"
approximation. The single determinant wavefunction leads to
well-know errors in description of instantaneous electron
correlation effects and one must go beyond the Hartree-Fock
approximation in order to recover such corrections to
Koopmans’ theorem. In particﬁlar, correlation energies are
larger for the system havig more electrons. Therefore,
correlation effects tends to cancel the relaxation error for
the workfunction. Our model Cs,,05 cluster contains 118
valence alectrons and the calculated workfunction value
using K&oﬁ‘ans? theorem is 0.7 eV, which is comparable with
that of 0.65 eV using the energy difference between two
Hartree-Fock calculations. By comparing our calculated
workfunction values with experimental value, it is seen that

Koopmans’ theorem gives a value in close agreement with

experiment. This close agreement between SCF, Koopmans’
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theorem and experimental values indicates that since CS1103'
is a system with large number of electrons, Koopmans’
theorem is applicable and may be expected lead to an
accurate workfunction.

Gregory et a1.”7 reported the workfunction of cesium
suboxide to be 0.7 eV. To obtain this value, they studied
the oxidation of cesium using ultraviolet photoemission
spectroscopy. They carried out the experiment in a
stainless-steel ultrahigh-vacuum system with a base pressure
of about 3x10~1° Torr and measured the distribution curves

(DEC) using a standard retarding potential systel.21 They

"..,Q"'M' L Y

o

found that upon exposure of a fresh cesium film to oxyyiq,ta
very narrow peak which grew with increasing exposure
appeared in the DEC’s about 2.6 eV below the Fermi level
(E¢) . This peak is associate with oxygen ions dissolved
below the surface of the cesium metal. After 3%1073 Torr/sec
of exposure, additional struéture began to appear and the
structure associated with the oxides changed with increasing
oxygen exposure. At 500 L oxygen exposure the workfunction

reached a sharp minimum of 0.7 eV, which was obtained from

used to produce the DEC’s. The structure of

present model cluster is consistent with this experimental
observation, viz. oxygen ions dissolved in the cesium metal
below the surface.

9

Burt and Heine” studied cesium suboxide by calculating
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the band structure using a layer method. Their model solid
is an FCC lattice of hard spheres with a constaqt potential
between, a lattice constant of 30 a.u corresponding to the
suboxide Cs,,0, was used. The model of the electronic
structure of the system proposed by Burt and Heine is
composed of one region approximating cesium metal with other
regions, occupied by oxygen ions; the latter highly
repulsive to the conduction electrons. Their calculated
reduction in workfunction compared with cesium metal for
Csy1703 is 0.9 eV. This result is in general agreement with
the drop in workfunction upon oxidation of thick cesium
films observed by Gregory and with the present calculations.
In their studies, the lower workfunction of the cesium
suboxide monolayer film compared with that of bulk cesium
was explained as a quantum size effect. That is,
confinement of an electron to a monolayer raises its kinetic
enerqgy and Lence the Fermi eﬁerqy, leading to an equivalent
decrease in workfunction. This claim is further verified by
our calculations.

woratschek et al.8 presented evidence for a quantum
size eﬂ!ﬁ!ﬁ for the conduction electrons during oxidation
Cs. Thii*qroup stiidied the continuous oxidation of a Cs film
using ultraviolet photoelectron spectroscopy and electron
spectroscopy by deexcitation of metastable noble gas atoms.
They found that the transition from metallic Cs to Csy,04
leads to a twofold increase of the intensity of electron

emission from the valence band, even though the
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concentration of conduction electrons is reduced by about
50%. This is attributed to a quantum size effect.?2 They
also found that a thin layer of Cs,,04 was created by
exposing a clean Cs surface to small amount of O,. The
resulting workfunctions were 2.0 eV for Cs-poly and 1.5 eV
for Cs,,04-poly. Although the workfunction values are
different from those observed by Gregory et al.,7 Burt et
al.,9 and with the present work, the decrease in
workfunction compared with Cs-poly for Cs,,0,-poly is still

in general agreement with the present calculations and other

S %
?.

that with increasing oxidation of the cesium clusters thc IP

experiments.

A very recent study by Limberger and Martin?3 reportod

decreases and reaches a minimum at CS(Cszo)n. They
investigated cesium and cesium oxide clusters by ionization
in a one-photon experiment by means of a tunabie CW dye
laser and a mass spectrometric detection system. The
interpretation of the ionization threshold was given in

terms of a displaced harmonic oscillator model which leads

'rn~0n bctwcen adiabatic and vertical ionization

1r findings support our results as in the

v . : (1) Stability of the negatively charged
cluster.hf;véhe bulk, they found that the oxygen appears as
an oxide 0%”, a peroxide 022', or a superoxide anion 0, .
These observations indicate that the negative cluster

Cs;,03 1is the most stable, in agreement with our

calculated results. (2) Influence of the number (n) of
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cesium atoms per cluster. Their experimental results show
that Cs,0, cluster with n an odd number has a lower IP than
those with n even because those with odd n contain an
unpaired electron. This finding is also consistent with our
model which includes 11 cesium atoms and an open-shell
ground state. (3) Influence of the number (m) of oxygen atom
per cluster. A doped oxide cluster Cs(Cs,O0)p, containing one
excess cesium has the lowest IP. Our model could be written
as Csg(Cs,0)4 and is in general agreement with Cs(Cs,0)y
when the number of cesium atoms in the cluster remains odd.
(4) The cluster has several isomeric forms, each with its
own threshold. This may explain the workfunction difference ?
between our calculated value for Cs;,0; and that obccév.d by
Woratschek et al., that is, Csy104 could have stable isomers

possessing different workfunctions.
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V. CONCLUSIONS

our findings regarding the workfunction of Cs;,03"
provide a theoretical basis for experimental observations of
very low workfunctions for cesium suboxides. The consistency
between calculated and experimental values indicates that
our model provieds a good representation of the cesium
suboxide surface. Mulliken population analysis reveals that

the ionized electron comes from the outermost cesium layer.

74




ACKNOWLEDGMENTS

This research was supported in part by the Air Force
Office of Scientific Research and by the National Science
Foundation under Grant CHE-8912674. The Ohio Supercomputer
Center and the Pittsburgh Supercomputing Center are
acknowledged for grants of Cray Y-MP time. We are grateful to

Professor Milos Seidl for advice and suggestions.

Ll

A )1:,3 £l

el d w.; -

et il
R

75




REFERENCES

1. B. Hellsing, Phys. Rev. B 40, 3855 (1989).

2. E. G. Michel, J. E. Ortega, E. M. Dellig, M. C. Asensio,
J. Ferron and R. Mirand, Phys. Rev. B 38, 13 399 (1988).

3. J. E. Ortega, E. M. Dellig, J. Ferron and R. Mirand,
Phys. Rev. B 36, 6213 (1987).

4. A. H. Sommer, J. Appl. Phys. S1, 1254 (1980).

5. C. T. Campbell, J. Catal. 106, 301 (1987).

6. M. Seidl, W. E. carr, S. T. Melnychuk, A. E. Sousis,
J. Isenberg and H. Huang, Surface Production of Negative
Hydrogen Ions, Proc. SPIE Symposium on
Innovative Science & Technology, edited by H. E. Brandt
1061, 547 (1989).

7. P. E. Gregory, P. Chye, H. Sunami, W. E. Spicer,
J. Appl. Phys. 46, 3525 (1975).

8. B. Woratschek, W. Sesselmann, J. Kuppers, G. Errl,
H. Haberland, J. Chem. Phys. 86, 2411 (1987).

9. M. G. Burt and V. Heine, Solid State Phys. 11, 961

» Z. Anorg. Allg. Chem. 395, 301 (1973).

11. P. A. Christiansen, W. C. Ermler, K. S. Pitzer,
Ann. Rev. Phys. Chem. 36, 407 (1985).

12. L. F. Pacios and P. A. Christiansen, J. Chem. Phys.
82, 2664 (1985).

13. Y. S. Lee, W. C. Ermler, and K. S. Pitzer, J. Chen.

76




14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Phys._67, 5861 (1977)

R. B. Ross, J. M. Powers, T. Atashroo, W. C. Ermler,
L. LaJohn and P. A. Christiansen, J. Chem. Phys. in
press

R. M. Pitzer and H. L. Hsu, private communication.

R. M. Pitzer, private communication.

J. C. slater, Quantum Theory of Atomic Structure,
McGraw-Hill, NY, 1960.

A. Szabo and N. S. OStland,_uQgg:n_gggnggn_ghgniggxzi
Introduction to Advanced Electronic Structure Theory,

MacMillan, New York (1982). '@7

W. C. Ermler, R. B. Ross, C. W. Kern, R. M. Pitzer's

and N. W. Winter, J. Phys. Chem. 99, 3042 (1988).

M. M. Marino, M. Sawamura, W. C. Ermler and

C. J. Sandroff, Chem. Phys. Lett. 163, 202 (1989).

C. R. Eden, Rev. Sci. Instrum. 41, 252 (1970).

M. Sawamura and W. C. Erﬁler, J. Phys. Chem. 94, 7805
(1990) .

H. G. Limberger and T. P. Martin, J. Chem. Phys.

99, 2979 (1989).

77

Rt 1Y




Table I. Coordination Numbers of the Cs;,0, Cluster.?

Atom Number
csAP 3
CcsB€ 6
cscd 2
oA® 3

gee Fig. 1.

Pesa = cs1; 2; 9.

CcsB = csS; 6; 7; 8; 10; 11.
desc = cs3; 4.

€oa = 01; 2; 3.
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Table II.

Atom Pair

Geometric Structure of the Cs,,0; Cluster

Interatomic

Distance (A)

Cs3

Cs3

Cs4

Cs3

Cs4

Csl

Cs2

Cs9

CsS

Cs7

Ccs7;

Cs5;

Csé6

Cs8

8;

6;

Csl0 - Csl1

01l

02

03

o1

02

Csl;

Csl:

02; 3

03

2;

3:

10
11

10;

3;: 4;

4; 5;

11

11

10

6;

.
4

9

11

3.653(2)
3.786(3);
3.754(3) ;
4.165(3) ;
4.153(3);
4.244(4);
4.344(3)
4.310(3);
4.285(4)
4.275(4);
4.310(3)
4.022(3)
4.103(4)
4.063(4)
2.940(14) ;
2.957(13);
2.967(13);
2.731(14) ;
2.916(14);
2.684(15) ;
4.061(20) ;

4.037(20)

3.783(3); 3.766(2)
3.741(3); 3.769(3)
4.153(3); 4.123(3)

4.156(3); 4.185(3)

4.304(3); 4.250(4);

4.327(3): 4.311(4):

4.370(3); 4.388(3);

2.914(15); 2.970(14);.
2.688(14); 2.760(15)
2.981(14); 2.964(14);
2.731(14); 2.918(13)
2.982(14); 2.921(14);
2.763(14); 2.948(13)

4.021(18)
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Table III. Geometry Optimization of Cs;303~

Expansion (percent of

Total Energy

the lattice parameters)? E (a.u)
50% -265.0296602077
25% -265.2343008441
15% -265.2982444057
10% -265.3162851913
7% -265.3200065394
5% -265.3181039860
4% -265.3164955496

Agee Table 2.
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Table IV. Electronic State Optimization for Cs,;0,4 .

state? MO ConfigurationP Total Enerqgy
10a,  4a,’ sa," 12e’ 8e" 2a;" E (a.y.)
1 2 0 1 3 (4] o -265.320006
2 2 0 2 2 0 0 -265.313010
3 0 0 2 4 0 0 -265.259282
4 1 o 2 3 0 0 -265.293672.
S 2 o 0 4 0 0 -265.309983

3Average energy of configuration. Ref. 17.

b0ccupations of the outermost MOs’ are shown.
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Table V. Electronic State Optimization for Cs,,0;.

state? MO Configuration® Total Energy
l0a,’ 4a,’ 8a2" 12e’ 8e" 2a1" E (a.u.)

1 2 0 1 2 0 0 -265.296097

2 2 o 0 3 0 0 -265.286243

3 2 0 2 1 0 0 -265.287395

4 1 0 1 3 0 0 -265.278357.

5 1 0 0o ' 4 0 0 -265.264475

apverage energy of configuration. Ref. 17.

bOCcupations of the outermost MOs’ are shown.

32

Rt T Y




Table VI. Electronic State Optimization of c$1103+.

State? MO Configuration® Total Energy
10a;’ 4a,’ 7ay" 8a," 1l2e’ 8e" 2a," E (a.u.)

1 2 0 2 0 2 0 o -265.200801

2 2 ) 2 1 1 0 0 -265.209878

3 2 ) 2 2 0 0 0 -265.199121

4 1 (4] 2 1 2 0 4] -265.198115.

= 2 o 1 o 3 0 0 -265.130255"

R

qAverage energy of configuration. Ref. 17.

b0ccupations of the outermost MOs’ are shown.
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Table VII. Population Analysis for Cluster Ground States.

a2 B®  s-type p-type Total cc pd

Cs110;~ OA  5.825 16.934 22.759 7.59 -1.59
CsA 6.916 18.764 25.679 8.56 0.44
CsB 15.950 36.856 52.806 8.80 0.20
CsC 3.635 13.120 16.755 8.38 0.62

Cs419, OA 5.825 16.944 22.769 7.59 -1.59
CsA 7.205 18.671 25.875 8.62 0.37
CsB 14.274 36.503 50.778 8.46 0.54
CsC 3.681 12.896 17.577 8.79 0.21

cs,,0,% oA 5.825 16.949 22.774 7.59 -1.59
CsA 7.214 18.563 25.777 8.59 0.41
CsB 13.528 36.288 49.815 8.30 0.70
CsC 4.849 12.784 17.633 8.82 0.18

a .

Clustex,
S
bType of atom (See Table I and Fig. I.)

CGross atomic population.

dCharge per

atom.
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Table VIII. HOMO and LOMO Energies of Cs;,05, Cs;,0,5 and

Cs1103% in Their Lowest-Energy States

Cluster Orbital HOMO (a.u.) LUMO (a.u)
Csy704" ay’ -0.0436 0.0492
ay’ -0.1285 0.0977
a" -0.0377 0.0140
e’ -0.0257 0.0341
e’ -0.1339 0.0566
a," -0.6163 0.1236
Cs,,04 a,’ -0.1003 -0.0103
az’ -0.1964 0.0334
ay" -0.0989 -0.0454
e’ -0.0877 -0.0470
e" —0;2022 -0.0009
a," -0.6870 0.0590
-0.1587 -0.0704
-0.2667 -0.0321
-0.1615 -0.1057
-0.1517 -0.1294
e" -0.2732 ~-0.0598
al“ -0.7590 -0.0070

N, L ] 4
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Figure Captions

Figure 1. The Cs,,04 cluster from several perspectives.

Figure 2. Total valence energy (a.u.) vs. geometry for a

Csllo3' cluster.
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ABSTRACT

Hydrogen adsorption on the (0001) beryllium surface is modelled using
a Be45 cluster containing seven layers. The ab initio Hartree-Fock
calculations employ effective core potentials and full D3h point group
symmetry. ’ix-low-lying electron configurations are investigated and the
effect of etiétron spin coupling on the adsorption process is discussed.
The adsorption of H on Be is calculated to be stable by 20 kcal/mol and

lowers the work function by 1.3 eV,
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I. INTRODUCTION

The use of metal clusters to represent bulk surfaces involved in
adsorption phenomena 1is \‘ridespr:ead.l"4 A good model of the adsorption
process, however, requires the use of clusters large enough to describe the
metal surface and its interaction with the adsorbate, while remaining small
enough for the application of accurate theoretical treatments. Beryllium
has been widely used for such studies because it is the smallest atom with
a closed-shell ground electronic state to exhibit metallic character.s-lo
The toxicity of beryllium, however, has limited its use experimentally.
Nevertheless, two recent experimental studies have investigated t?l

adsorption of Hydrogen on beryllium metal.u,12 The former studyl1

wvas
concerned with H, adsorption on polycrystalline Be, while the latter,,
involved the effects of H,, H and D on the (0001) surface of beryllium
metal. The experimental data, in conjunction with theoretical
calculations, can be used for the development of more reliable models for
adsorption.

The model of the beryllium surface used in this study consists of a
seven-layer cylindrical piece from a wafer having Be-Be internuclear
distances equal to those in the bulk metal. Work function values, the
effect of q’f’*goupling on the cluster and net charge differences between
neutral a :fi:i; tlusters are analyzed to determine how closely the model
apptoximatc“b;i; behavior. Where possible, comparisons between theory and
experiment are made. Finally, adsorption energies are reported and the

effects of H adsorption on the Be surface are discussed in the context of

adsorbate plus substrate 3s a supermolecule.

II. CALCULATIONS
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The model system is taken as a cylindrical piece from a Be wafer whose
surface corresponds to the (0001) hcp metal face. Table I defines all the
cylinders of a given radius which may be formed from a wafer of a given
thickness. The seven-layer wafer in this study has a radius Ry wiich
corresponds to a one unit cell step along the a-direction. Be-Be
internuclear distances are taken as those in the bulk hcp metal (a=2.294,
c-3.58A).13 The resulting cylinder has D3h point-group symmetry, and the
adsorption of atomic hydrogen, one on the top surface and one on the bottom
surface of the cluster is modeled such that the three-fold symmetry and
horizontal mirror plane are preserved. The Be-H internuclear distances are
varied in a series of self-consistent field (SCF) calculations. The
hydrogenated Be, cylinder is shown in Fig. 1. Results obtained using this
gystem are compared to those calculated by treating an identical bare Be,o
cylinder.

Calculations were accomplished on a Cray Y-MP supercomputer using
programs based on the "equal contribution theorem® for two-electron

14 Ab initio restricted closed-shell and restricted open-shell

integrals.
Hartree-Fock calculations corresponding to an average energy of
configuration as well as to the energies for pure spin couplings were
carried ou& -on numerous low-lying states of each cluster. (The average
energy of c01$£g!:ltion is defined as the weighted mean of the energies of
all the multiplets for the configuration. 15) Multiconfiguration
self-consistent field (MCSCF) calculations involving two configurations
were also carried out for selected electronic states. The calculations
required about one hour of Cray Y-MP time for each geometric orientation.

The following basis sets of contracted Gaussian-type functions were used

for beryllium and hydrogen, respectively: (382p)/[231p]16

-
3
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(431p)/[211p].17 Ab initio effective potentials (EP)l8 were used to

represent the ls core electrons in Be.16 (Valence SCF energies for atomic

Be and H are =-0.95083, -0.49928 hartrees, respectively, for the basis sets

used in this study.)

III. RESULTS

Total valence energies for six low-lying electronic states are given
in Table II. These results are reported for both the equilibrium
hydrogen-to-Be-plane distance and at the near dissociative limit of 1GA.

All of the energies correspond to triplet spin couplings with the excoption!;
of state 2, which is the lowest-lying closed shell singlet state foun‘-. ;
Table III shows the effects of electron correlation, proper dissociatinq
wavefunctions and spin coupling for the lowest-lying electron configuration

calculated at the minimum H-Be distances of 0.86A and at the

surface
dissociative limit of 10A. Table iV contains energy values at dissociation
for state 6, a low-lying MO configuration having the largest number of
open-shell electrons.

Total SCF energies for the ground state of H and of each cluster, as

well as calcplated adsorption energies are given in Table V. Theoretical

shown in Table VI. The first values in each row were

diftoronce between the total valence SCF enerqgy of the
neutral i?f and - that of the ion resulting from the removal of one
electron from the highest occupied orbital of the cluster. The values
immediately following are due to Koopmans’ theorem and correspond to the
negative of the energy of the molecular orbital (MO) from which the
electron was ionized. Experimental values are also shown.11

Atomic net electron charge values are given in Table VII, as
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19 Values of R in this

calculated using a Mulliken population analysis.
table correspond to the optimum H atom-to-surface distance for the
lowest-lying electronic state. This distance was calculated as the minimum
of a curve fit to SCF energies for three or more surface-adsorbate

separations.

IV. DISCUSSION

Only two of the six low-lying electron configurations found, states 1
and 6 of Table II, dissociate properly at the restricted Hartree-Fock level
of approximation. The remainder of the states lie significantly higher in
energy at dissociation. An analysis of their Mulliken populations
indicates that the net charges on the H atoms at 10A separation (R,) are as
high as 0.5 electron/atom, clearly indicative of an improper dissociation
limit.

All of the open-shell states appearing in Table II are coupled as
triplets. Tables III and IV show the effects of spin coupling on the
energy of the Be45H2 system. Both the two configuration MCSCF and the pure
spin triplet calculations (Table III) yield the same energy at dissociation
(-45.57065 hartrees). However, the improperly dissociating singlet spin
state is significantly higher in energy (144 kcal/mol higher). The average
energy of configuration calculation also yields a much higher energy (by 94
kcal/mol), but this calculation, as mentioned previously, reflects a
weighted average of the energies for all the multiplets of a particular

15 Therefore, the higher energy is a consequence cf the

configuration.
contribution from the singlet component of the multiplet. These results
indicate that the unpaired electrons in the overall cluster must be coupled

as triplets with respect to each other to insure proper dissociation in a
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single configurq;iqgutreatment. According to Mulliken population analyses,
these electrons correspond solely to hydrogen 1s electrons at R_. Although
the energies are not identical, the MCSCF result also agrees well with that
of the pure spin triplet case at equilibrium, the discrepency between the
two being approximately 6 kcal/mol, which is attributed to electron
correlation effects. However, even at this short distance, coupling the
unpaired electrons singlet as opposed to triplet results in a 20 kcal/mol
increase in energy.

The effects of spin coupling on the Be45H2 system at dissociation were
further studied using state 6 of Table II. This is the highest spin
electron configuration (quintet) found to dissociate properly. The
energies for various spin states of this configuration were calculated.
These results appear in Table IV. Three states, the quintet, triplet and
first singlet, have energies which are nearly identical. The second
singlet, however, is 160 kcal/mol higher in enerqgy. Again, the average
energy of configuration calculation reflects the contribution of the second
singlet state. As with the previous results, the three low-lying states in
Table IV have the two unpaired electrons corresponding to the hydrogen 1ls
electrons coupled triplet with respect to each other, while the less stable
singlet state has these electrons coupled singlet. The coupling of the
unpaired electrons associated primarily with Be orbitals does not affect
the energy significantly. For example, the triplet spin state and the more
stable singlet spin state have the unpaired Be electrons coupled singlet
and triplet, respectively, yet the energy difference between the two is
only 2.4 Kcal/mol. We are encouraged by this behavior since it is expected

if the Be,. cluster provides an accurate model of the bulk surface, which

45
is obviously not affected by spin considerations.

The total adsorption energy of Be45H2 is 19.72 kcal/mol-atom (Table
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V). This energy was determined two ways. First, the adsorption energy was
calculated as the total energy difference between the lowest-lying
electronic state found at equilibrium and at dissociation. Second, the
adsorption energy was defined as the difference between the energy of the
lowest-lying electronic state found at equilibrium and the sum of the
energies for the lowest-lying electronic state found for bare Be45 plus two
ground state H atoms. Both methods yielded values of 19.72 kcal/mol-atom.
Fig. 2 shows a plot of energy vs H to Be surface distance. A barrier of
24.68 kcal/mol (12.34 kcal/mol-H atom) occurs before H adsorbs to the Be45
surface.

A very recent experimental study by Ray et al. investigated the
effects of H and H, adsorption on the (0001) surface of Be metal using high
resolution electron energy loss spectroscopy (HREELS), thermal desorption
spectroscopy (TDS) and workfunction measurements.12 This group found no
evidence for the dissociative or molecular chemisorption of Hz at the
temperatures investigated, in agreement with previous experimental work.11
They also found, however, that H does adsorb on Be and reported the energy
barrier to recombinative desorption, obtained using TDS, as ranging from
0.7 to 1.2 eV (16.1 to 27.7 kcal), depending on the degree of H coverage.
This barrier energy is equal to the sum of the adsorption site binding
energy and the barrier to dissociative adsorption. This value is in
excellent agreement with our calculated adsorption energy of 0.85 eV or 20
kcal/mol-atom (Table V).

The convergence of both methods to the same value for the adsorption
energy indicates that the lowest-lying electronic state correlating to the
dissociative limit has been determined accurately. Such a determination is

pivotal because properties such as work functions, adsorption energies and

charge distributions, which indicate the chemical nature of the system, are
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sensitive to the electronic state chosen. 1In our previous work,ll we
concluded that H dces not chemisorb to Be45 since no shift in the
workfunction of the Be45 surface occurred upon H adsorption. Furthermore,
the net charge distribution difference between Be45+ vs. Be,, and Be4sﬂz+
vs. Be4532 were nearly identical, indicating that the ionization process
was not affected by the presence of hydrogen. In the present calculations,
hcwever, a lower-lying electronic state has been found for both Be45 and
Be,cH,. Although the adsorption energy corresponding to this state is only
1.56 kcal/mol-atom lower than was determined previously, the workfunction
of 8945 is now 4.4 eV (Table VI), in close agreement with the experimental
value of 3,92 ev.zo Adsorption of H onto Be45 lowers the work function to
3.14 eV, a shift of 1.29 eV. No work function shift is observed
experimentally for the HZ/Be system.ll However, a direct comparison
between the experimental and theoretical work function shifts in this case
cannot be made since the experiment involved sputtered Hz and
polycrystalline Be. In such a process, H adsorption is necessarily
preceded by H, dissociation, which requires approximately 104 kcal/mol at
room temperature.21 This is considerably more than the calculated 20
kcal/mol bond formed between hydrogen and the Be45 surface. Consequently,
it is more energetically favorable for pydtogen to remain as HZ' unless, of
course, the suxface plays a heretofore unclear catalytic role in lowering
the energy needed to break the H-H bond. In either case, the focus of the
present calculations is to study the interaction of H with the Be surface
and not the dissociation of Hz. For the H/Be (0001) system, however, the
work function of Be reaches a minimum (-0.56 eV) for a coverage of
approximately 0.4 and then reaches a limiting value of -0.44 eV as the H

coverage is increased. This is also in good agreement with our calculated

work function lowering of 1.3 eV (0.65 eV/atom). It is pointed out,
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however, that Ray et al.12 believe their values correspond to adsorption of
H on a bridge site, whereas the present study investigates H adsorption on
one type of trigonal site (eclipsed site).

Net charge differences appearing in Table VII indicate that for both

Be 5 and Beqs“z' the largest fraction of the donated electron comes from

4
MO’s involving the surface atoms. This behavior is requisite if the Be,c
cluster 1is to provide an adequate representation of the bulk metal since
the work function is a surface property. Adsorption of H increases the
ability of the surface to release an electron to some degree (0.48 vs 0.60
for the bare cluster vs the hydrogenated cluster, repectively). However,
there is no net charge transfer between the adsorbed hydrogen and the
surface, indicating an essentially covalent interaction between the two.
In this study, H approaches the Be surface directly above the center
of a triangle of Be atoms located on the surface, the center of which is
located above a Be atom situated in a layer next to the surface (Fig. 1).
This is called the eclipsed site. There are three other possible sites for
adsorption. These are the Be-Be midpoint, directly overhead and open
sites. The first has the a2dsorbate approaching the Be surface directly
between two Be atoms located on the surface. The second involves
adsorption directly above a Be atom located on the surface. The open site
has the adsorbate approaching the surface directly above a triangle of Be
atoms locatcd‘aggthc surface, directly below which there is no Be atom.
The adsorption of H onto Be clusters modelling the bulk surface has
also been studied at the SCF level of theory by other groups. In the
following discussion the notation Ben(a,b,c,...) will be used. Here n
refers to the number of atoms comprising the Be cluster and a, b, ¢, etc.,
are the number of atoms in the surface layer, the layer directly beneath

the surface, the second layer beneath the surface, and so on, respectively.
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In all cases, unless otherwise stated, the cluster interatomic separations
were frozen at the bulk metal values.

Cox and Bauschlichex:8 studied the adsorption of H in the directly
overhead position on a Be,(7,0) and Be10(7,3) cluster. Adsorption of H on
a bond midpoint site was modelled using a Be15(10,5) cluster. They
obtained adsorption energies of 65.5, 21.22 and 53.7 kcal/mol for the three
above-mentioned sites, respectively. They further conclude that in two
previous studies of H adsorption on Be, one using clusters or up to 22
atomszz and one using a 8336 cluste:7, the chemisorption energy changed by
approximately 10% in going from a 22-atom cluster to a 36-atom cluster and
by about 30% in going from a Belo or Be13 cluster to a Be36 cluster.

In another study, Bauschlicher and Baquss reported adsorption energies
of 64.0, 47.8, and 35.8 kcal/mol for H adsorption on the directly overhead
gite of Be,(7,0), the eclipsed site of Be7(6,1) and the bond midpoint site
of 8010(10,0), respectively. Calculations by Bagus et al.7 on the
Be14(14,0)H system found the directly overhead site, with a desorption
energy of 59.0 kcal/mol, to be a more stable site for H adsorption than the
bond midpoint, open or eclipsed sites (53.1, 56.1 and 56.1 kcal/mol,
respectively). H adsorption on 5922(14,8), on the other hand, is predicted
to be more stable for the open site (55.1 kcal/mol) than for the bond
midpoint, eclipsed or directly overhead sites (53.4, 51.9, and 31.4
kcal/mol, respectively). Finally, the most stable site for H adsorption on
a Be36(14,8,14) cluster was predicted to be the open site, also (57.7
kcal/mol), with the bond midpoint, eclipsed and directly overhead sites
(43.7, 42.3 and 31.6 kcal/mol, respectively) giving rise to lower
adsorption energies. Clearly, Be36 and Be,, give rise to the same ordering
in the stability of the adsorption energy with respect to bonding site.

However, with the exceptions of the directly overhead and open sites, the
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predicted adsorption energies for a given site on these two clusters differ
by as much as 9.7 kcal/mol.

The results reported here, along with those cited from previous
studies, indicate the importance of cluster choice in modelling the Be
metal surface involved in H adsorption. It must be ascertained that the
cluster model adequately represents the bulk surface, or the calculated
results will correspond to H adsorption on a specific electronic state of a
cluster rather than on the (0001) Be surface. This explains the
discrepancies in adsorption energies among the various studies cited. We
believe that the energies arising from calculations on small clusters
correspond to H adsorption on clusters rather than on the Be surface.

There are two critical steps in establishing a valid model of H
adsorption on a surface. First, the cluster representing the surface must
be large enough to model the bulk solid accurately. Second, the ground
electronic state of the system must be determined. A recent studyl1 of H
adsorption on the Be (0001) surface investigated three possible cluster
models of the bulk surface: Be19(6,7,6), Be33(7,6,7,6,7) and
Bed45(6,7,6,7,6,7,6). The first and third modelled adsorption on an
eclipsed site, while the second involved adsorption on the directly
overhead site. Since the adsorption site in Be,q is identical to that in
Be45, results for both systems should agree. However, the calculated shift
in the ionization potential of Be,q due to H adsorption was 0.0 eV, while
that corresponding to H adsorption on Be,. was 1.4 eV. The work functions
of Be19 and Be45 were calculated as 5.0 and 4.4 eV, with the experimental
value being 3.9 eV. These discrepancies were explained using total net
charge differences between neutral and ionized clusters. In the case of
Be,gr ionization of the cluster indicated participation in charge

redistribution by both the surface and middle layers. Since electron
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emission occurs from the surface of the bulk metal and should not involve
the middle layers, it was concluded that Be19 is too small to model the Be
(0001) surface. As previously stated, net charge differences for Be45 (and
Be4552) indicate that the largest fraction of the donated electron comes
from MO’s involving the surface atoms (see Table VII). Since the work
function 1is a surface property, this must be the case if the Be, cluster
adequately models the bulk. Furthermore, the calculated work function of

Be,c is only 0.5 eV greater than the experimental value of 3.922 eV.11

23 found the directly overhead site on a

A study by Pacchioni et al.
Be7(7,0) cluster to be more stable (48.3 kcal/mol) than the bond midpoint
or open sites (35.7 and 11.7 kcal/mol, repsectively). They further point
out that this finding holds only for single-layer models of the bulk metal.
As more layers are are added, the bond-midpoint and open sites become more

6,7

favored than the directly overhead site. This is in agreement with our

Be directly overhead site) and Be45(eclipsed site) models of

33 ¢
adsorption. While H is not predicted to adsorb on Be33,11 it does adsorb
on Be45 by 19.7 kcal/mol (see Table V). Both clusters are multilayered
cutoffs of the bulk, with Be33 containing 5 layers and Be45 containing 7
layers.

As pointed out earlier, the Be45 cluster in this work contains Be-Be
interatomic distances equivalent to the bulk metal values, and the cluster
is, in effect, a cylindrical "plug" from the bulk metal (Table I). This
approximation is valid since experimental evidence indicates that the Be
surface does not reconstruct.24 Furthermore, Cox and Bauschlicher8 studied
the effects of relaxation on Be7(7,0), Be10(7,3) and Bels(lo,S) clusters
due to H adsorption. Adsorption energies due to relaxation effects were

calculated as 66.9, 21.4 and 55.6 kcal/mol, respectively, while the

energies arising from adsorption on an unrelaxed substrate were reported as
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65.5, 21.2 and 53.7 kcal/mol, respectively (refer to earlier discussion).
They predict that neglect of relaxation effects results in only a 2
kcal/mol error in the calculated binding energies.

The final important point to consider when modelling H adsorption on a
metal surface is the method of determining the ground electronic state of
the system. This is imperative since the chemical nature of the system is,
in effect, mainly determined by the ground electronic state. We have
already discussed the errors resulting from improperly predicting the
ground electronic state of Be45 and Be45H2 in our previous work. Another
example of the ambiguities or problems which may arise from the choice of
ground electronic state can be seen in the studies of Paccioni et al.23 and
Cox and Bauschlicher.8 The latter reported relaxation effects in the ‘
geometry of Be clusters due to H adsorption (refer to prior discussion). ‘
However, this group chose the ground state of the Be, system to be closed
shell 1in order to avoid the effects of dangling orbitals on the energy of

23 attribute this shrinking to the choice of

the system. Pacchioni et al.
electronic state. This group found that the relaxation effects occurred in
different directions for different electronic states and that they also
depended on the choice of theoretical method (all electron vs
pseudopotential at both the SCF and CI levels of theory). The effects of
relaxation on the adsorption energy, they suggested, should be investigated
further with other cluster models.

25 studied the cluster convergence of chemisorption

Panas et al.
energies. This group generated molecular orbitals using SCF calculations
and included correlation corrections via a one reference state contracted
Cl procedure. They studied H adsorption in the fourfold hollow position of
Ni{100) using seven Ni clusters ranging in size from Ni5(4,1) to

Niso(16,9,16,9) to represent the Ni surface. They found a marked
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difference in the calculated chemisorption energies of the clusters
depending on the method used to determine the lowest-lying electronic state
at short and long distances (the chemisorption energy being defined as the
defference between the energies of these two states). This group concludes
that the determination of the chemisorption energy is greatly improved by
requiring that the cluster systems first be excited into a proper bonding
state and then defining the chemisorption energy as the difference in the
energy corresponding to this state at short and long distances plus the
energy needed for excitation. In the present study, no restrictions were
imposed on the symmetry and spin of the wavefunction at short and long
distances. However, applying the rules outlined by Panas et al. led to the
same value for the adsorption energy. Thus the energy value reported here
is expected to be accurate.

One last point must be mentioned. All of the results reported in the

current study were calculated at the SCF level of approximation. It is

therefore necessary to estimate the extent to which electron correlation

26 studied the

corrections will affect the current results. Rubio et al.
effect of electron correlation on the process whereby H adsorbs to small
(three to seven atoms) Be clusters. They determined, using data obtained
at both the SCF snd CI levels, that SCF theory is qualitatively accurate to
describe the interaction of H with the clusters. The changes in the
H-to-Be-surface distances and in the calculated adsorption energies were

quite small. A study by Siegbahn et al.27

of H, dissociation on the
Mi(100) surface using Ni clusters with as many as 34 atoms to represent the
surface also determined that the SCF treatment was adequate for a
qualitative description of the chemisorption process. Given these findings
and the fact that the Be45H2 system is quite large (92 valence electrons)

the incremental effects of electron correlation on the results reported

-
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here are expected to be small.

V. SUMMARY AND CONCLUSIONS

An accurate model of the adsorption process requires that the surface
be modelled by a cluster which provides an adequate representation of the
bulk structure. Once this is done, it is equally important to determine
accurately the lowest-lying electronic configquration of the
cluster-adsorbate system. We conclude that Be45 provides an accurate model
of the Be (0001) surface for several reasons. First, this cluster is not
affected by spin considerations, as is expected for solid surfaces. Spin
coupling affects the total energy only when electrons corresponding to
hydrogen orbitals are involved. Second, the ionization potential of Be45
at 4.4 eV is close to the value of 3.9 eV for bulk Be metal. Third,
Mulliken population analyses indicate that the electron emitted during
ionization is donated from the surface layers, which is also the case for
bulk metal surfaces. Fourth, previous studies have indicated the need for
7,11, 27

clusters several layers thick to accurately model H adsorption.

Be is a seven-layer cluster based on hcp bulk lattice constants.

45
The lowest-lying electronic state of the Be45H2 system has been determined.

;n indication of the reliability of this determination is the fact that the
workfunctions of the cluster and the bulk metal, at 4.4 and 3.9 eV,
respectively, differ by only 0.5 eV. In our previous studyll, the
improperly chosen ground electronic state caused the predicted cluster
workfunction to be 1.25 eV lower than the current value and 0.77eV lower
than that of bulk Be. A second indication that the ground state is correct

18 the convergence of the calculated adsorption energies to the same value

using two different methods. This is expected if the true ground

1
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electronic state has been found for both systems. In the present case, the
systems were Be,. + 2H and Be,H, at infinite Be~H separation. Finally,
the agreement between the MCSCF calculations and the calculations on the
triplet spin states indicates that the bulk of the differential correlation
energy is accounted for by requiring the electrons corresponding to H to be
coupled as triplets. The resulting electronic states can thus be described
adequately using single configuration SCF-MO calculations.

Finally, the results for H adsorption on Be45 indicate that H adsorbs
at an eclipsed site of Be (0001) by 20 kcal/mol and that the adsorpticn
process lowers the workfunction of the cluster from 4.4 to 3.1 eV, or 1.3
ev. Since no charge transfer is observed between hydrogen and the Be
surface, the adsorption process involves a primarily covalent interaction

between the two.
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Table I. Be Clusters by Coordination Cylinder and hecp Layer.

Cylinder
Height R R R,=a R
(z-coord. ) 0 1 2 3
wC/2
3¢/2 0 3 3 6
c 11 11 7 7 7 7
c/2 0 0 O 3 3 3 3 3 3 6 6 6
0 1 1 1 1 1 1 1 1 77 7 7 7 7 1 17
- c/2 0 0 O 3 3 3 3 3 3 6 6 6
- ¢ 11 11 7 7 7 7
=-3¢c/2 0 3 3 6
-~c)2

No. Atoms 1 1 3 3 1 7 9 15 7 132731 7 19 33 45
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Table II. Restricted Hartree-Fock Adsorption Energies of State

s of Be45H2.

State MO Configuration? Energyb

No. al' az' az“ e’ e" a" Req R,
1 1 2 1 4 4 2 -45,601315 -45.570651
2 2 2 2 4 4 2 -45.604328 -45.294292
3 1 2 2 1 4 2 -45.625789 -45.264307
4 2 2 2 2 4 2 -45.633513 -45,124689
5 2 2 2 1 1 2 -45.613706 -45,101965
6 1 1 1 1 4 2 -45.591720 -45,502133

311 open-shell states are triplet coupled. Occupations correspond to the
number of electrons occupying the highest energy molecular orbital of a

given symmetry.

b
Req and R_correspond to H Besurface

respectively. Energies are in hartrees.

separations of 0.86A
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Table III. Adsorption Energies of Be45H2.a

Type of Calculation Energy at Req Energy at R AEadsorb

MCSCEP -45.61135 -45.57065 12.77
Average Energy® -45.58827 -45.42429 51.45
Pure Spin Singlet -45.56818 ~-45.34371 70.43
Pure Spin Triplet -45.60132 -45.57065 9.63

aEnergiea (hartrees) correspond to State 1 of Table II. Re and
surface SeParations of 0.864 and 104,
is the difference between energies at

R_correspond to H-Be
respectively. AEadsorb
these two distances (kcal/mol-H atom).
bTwo-configuration MCSCF (see text).
cAverage energy of configuration (see text).
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Table IV. Restricted Hartree-fFock Energies of Be45H2 at Dissociation.?

Average Energy’ -45,35865
Pure Spin Singletb ~45.50602
Pure Spin Singlet® -45.25044
Pure Spin Tripletd -45.50213
Pure Spin Quintet -45.50603

aEnergies (hartrees) correspond to State 6 of Table II. H to Besurface

separation is 10A.

Electrons in symmetry orbitals al' and az" are coupled triplet with

respect to each other and singlet with respect to those in symmetry

orbitals az' and e’ (See Table II).

“Electrons in symmetry orbitals al’ and e’ are coupled triplet with
respect to each other and singlet with respect to those in symmetry
orbitals az’ and az'. (See Table II).

dThe electron in symmetry orbital e’ is coupled singlet to all the
other open shell electrons, which are coupled triplet to each other (See

Table II).

b
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Table V. Energies of the Be,.H, System.

Speciesa Energyb

g’ . - 0.49928

Be,, -44.57210

Be,sH, (Ryg) -45.63351

Be,cH, (R) -45.57065
Be45H2 (Req) - Be45H2 (R)) 19.72
Beyghy (Ryq) = [Beyg + 28] 19.72

aReqso.SGA, RA-IOA, where R is the
Distance from H to the Be surface.

bFirst four values are in hartrees, while
the last two are in kcal/mol-atom. All
values correspond to the lowest-lying
state found at that distance. All States

are triplet coupled.
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Table VI. Work Functions of Be45 and B4SH2 Clusters.

Cluster O(ev)a
Be,s 4.62,4.43
Be i, X 3.39,3.14
Be (expt.) 3.92
BeH (expt.)® 3.92
A®(Be, . -Be , H, ]9 1.23,1.29

457 °%45"2 edrde
A®(Be-BeH] 0

expt.

34here two values appear, these are Koopmans’

theorem and AESCF values, respectively.

Ref. 189.

Ref. 11.

‘Yyaiues correspond to a work function
lowering.

b
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Table VII. Atomic Populations of Be45 and Be45H2.

Cluster [Cluster]+ Total

Atom No. Net Charge Net Charge Net Charge Difference

Cluster. z-coorda'Labeb Atoms® per Atom per Atom  ([Cluster] - Cluster)
Be,g 0 BeO 1 1.01 1.00 -0.01
c/2 BeA 6 0.42 0.40 -0.12
c/2 BeC 6 -0.20 -0.15 0.30
0 BeB 6 -0.33 -0.31 0.12
¢ BeH 12 -0.19 =-0.17 0.24
c BeD 2 1.36 1.34 -0.04
3c/2 BeF 6 -0.14 -0.14 0.00
3c/2 BeG 6 0.02 0.09 0.48
BeycHy, 0 BeO 1 0.99 0.99 0.00
c/2 BeA 6 0.43 0.41 -0.12
c/2 BeC 6 -0.16 -0.13 0.18
0 BeB 6 -0.36 -0.32 0.24
c BeH 12 -0.15 -0.14 -0.12
c BeD 2 1.31 1.29 -0.04
3c/2 BeF 6 -0.18 -0.17 0.06
3c/2 BeG 6 -0.04 0.06 0.60
rY H 2 -0.01 -0.01 0.00
3.23.584
bSee Fig. 2.
“No. of symmetry equivalent atoms
dR=0.86A for Be plane to H distance. Be to H distance is 1.58A.

113




Fig. 1.

Fig. 2.

FIGURE CAPTIONS
Be45H2

The potential energy curve for the approach of H to
a rigid Be45 surface having internuclear separations
corresponding to bulk metal lattice constants. Total
energies may be obtained by adding =45.00 h to the

given values.
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